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Abstract
For a long time, there has been a desire to extend the emission wavelength of GaAs-
based quantum well lasers, with the aim of eventually replacing InP with GaAs as the
substrate of choice for communication applications. Using dilute nitride GaInAsN
QWs or InAs quantum dots, emission wavelengths have successfully been extended to
1.3 m, but significant difficulties have been met going beyond 1.3 m. In this thesis, we
present an alternative approach, namely, the molecular beam epitaxy (MBE) growth
of quantum wells on top of indium gallium arsenic compositionally graded buffers,
with the indium composition in the buffers linearly graded from 0% to 15% or 20%.
We observed that one can obtain strong quantum emission on top of such graded
buffers only under a very restricted range of growth conditions, detailed in this the-
sis, which are not compatible with the subsequent growth of the aluminum-containing
barriers necessary for carrier confinement. Furthermore, upon proper ex-situ anneal-
ing, it was able to obtain QW emission as strong as, sometimes even stronger than,
that from QWs pseudomorphically grown on GaAs. However, when even slight ten-
sile or compressive strain was added to the QWs, severe degradation occurred, which
was likely related with the amount of surface roughness induced by the crosshatches
developed during and after the growth of the graded buffers.
Temperature dependent photoluminescence was employed as a tool to investigate the
relationship between the ex-situ annealing, strain and quantum well photolumines-
cence. It was found that there was a significant PL decay mechanism between 50K to
about 250K for the aluminum containing unannealed quantum well samples. For the
unstrained ones, this mechanism could be removed effectively by annealing. However,
strain in quantum well was observed to retard this removal. The same observations
were made in both the pseudomorphically and metamorphically grown samples, but
the metamorphic ones seemed to suffer more from the retardation.
Finally, the theoretical modeling of the photoluminescence temperature dependence
was reformulated such that physical processes or band diagram features could be
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related to the measurement results. Only under restricted circumstances, our formu-
lation was found to be identical to the existing, commonly used, description of the
photoluminescence temperature dependence.
Thesis Supervisor: Clifton G. Fonstad Jr.
Title: Professor of Electrical Engineering
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Chapter 1
Introduction
1.1 Motivations
For many years, InP based semiconductor laser diodes with InGaAsP heterostructures
and GaAs based lasers with AlGaAs heterostructures, both with InGaAs quantum
wells as the active regions, have been two of the cornerstones of the optical commu-
nication systems. InP based lasers can emit and be modulated at high speed at the
important wavelength range around 1.55tm in which absorption is minimum in the
silica fibers. High power InGaAs/AlGaAs lasers emitting at 0.98pm are utilized to
pump ebrium doped fibers amplifiers.
There are well known difficulties with the use of InGaAsP/InP lasers. For the
whole range of InGaAsP materials lattice-matched to InP, the electron confinement
is poor, because only about 1/3 of the bandgap discontinuity between the InGaAsP
barriers and the InGaAs quantum wells resides on the conduction band. Taking
into account the light electron mass in these semiconductors, electrons can easily be
liberated thermally from the wells to the barriers. This results in severe temperature
dependences of the threshold currents, gains, and output powers of the lasers, and
high power operation is impossible. The cost of the InP substrates is also significantly
higher than that of GaAs, and the handling is more difficult due to the brittleness
of InP. Finally, GaAs substrates with 8" diameter are available for production, while
the diameter of the InP substrates is currently limited to 4".
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A new development in recent years in optoelectronics is the effort to open up the
minimum-dispersion window of optical fibers around 1.3pum wavelength [1]. The
application is mainly for high bit rate (~ lGBits/s), densely wavelength multiplexed
local area and metro area networks. The many limitations of InGaAsP/InP based
lasers are particularly problematic in this application. Firstly, the shorter wavelength
emission necessary for this application aggravates the lack of electron confinement in
this type of heterostructure. Secondly, this range of wavelengths cannot be amplifed
by the erbium doped fiber amplifiers, which only operate in a very narrow range
around 1.55pm. Instead, one has to use fiber Raman amplifiers which cannot be
pumped by the InGaAs/GaAs diode lasers. Currently, such amplifiers can only be
pumped efficiently by high power Nd:YAG lasers operating at around 1.24Pm [2].
Compact semiconductor laser sources operating in this range of wavelengths would
be highly desirable. The cost of InP based lasers is also too prohibitive for the large
number of lasers utilized in metro area networks. Due to these issues, there has been
intense effort to develop emission sources based on GaAs which can operate in the
wavelength range from 1.1pum to 1.3pm.
1.2 Long Wavelength Emission on GaAs Substrates
The simplest way to extend the emission wavelengths of lasers using InGaAs quantum
wells is to introduce more indium into the quantum wells. However, due to the larger
lattice constants of the InGaAs layers than the GaAs substrates, significant lattice
relaxation accompanied by generation of dislocations occurs right at the quantum
wells unless their thicknesses are kept beneath certain critical thicknesses [3]. The
longer the emission wavelength, the more indium is necessary in the quantum wells,
and the smaller are the critical thicknesses. At a certain point, addition of indium
stops being useful, as it either causes severe degradation, or the quantum well is so
thin that the blue-shift due to quantum confinement out-weight the red-shift due to
the extra indium. Hence, in practice, the indium composition is limited to under
25% and the emission wavelength is limited to under 1050nm.
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Currently there are two main approaches to further extend the emission wave-
length: the addition of nitrogen into the InGaAs quantum wells and the use of the
InAs quantum dots. The research in these two approaches will be reviewed in the fol-
lowing sections, not only because they are the forerunners in the effort to extend the
emission wavelength range from the GaAs substrates, but also because these works
provided many inspirations during the course of this thesis work.
1.2.1 Dilute Nitride Quantum Wells
In 1996 Kondow et al. [4] suggested that long wavelength quantum well lasers can be
achieved on GaAs by incorporating about 1% of nitrogen into the InGaAs quantum
wells. Sato et al. [5] realized such lasers in 1997. It has been observed that a defect
band can form above the conduction band when enough nitrogen is incorporated
into GaAs [6]. The conduction band is then push downwards in energy due to its
interaction with the defect band. Incorporation of a small amount of nitrogen can
thus reduce the bandgap significantly. Additionally, tensile strain is induced by
the introduction of nitrogen, and more indium, hence more compressive strain, can
be tolerated before relaxation occurs, which further enhances the wavelength. The
bandgap discontinuity introduced by the nitrogen goes exclusively to the conduction
band, and the electron mass of GaInNAs quantum wells is also larger than that of
the InGaAs quantum wells. Both facts contribute to improved electron confinement
and better high temperature and high power performance. A typical characteristic
temperature is about 200K, much higher than any other kind of semiconductor laser.
Finally, unlike other group V elements such as arsenic and phosphorus, nitrogen has
a sticking ratio near 1 during molecular beam epitaxy (MBE) and its incorporation
is independent of the arsenic overpressure [1]. A plot of bandgap energies vs. lattice
constants of common III-V materials and dilute nitride is presented in Figure 1-1.
It was observed that photoluminescence deteriorates and threshold current densi-
ties rise dramatically with the increase in the amount of nitrogen introduced, mainly
due to the existence of the interstitial nitrogen atoms and a certain amount of nitrogen
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Figure 1-1: Bandgap energies vs. lattice constants of common III-V materials and
dilute nitride Source : group website of Prof. J. Harris Jr., Standford University.
atoms weakly bonded to the groups III elements [7]. Upon post-growth thermal an-
nealing at about 750'C for 30 minutes, photoluminescence intensity can be enhanced
by as much as 100 times. The densities of the interstitial nitrogen and the weak group
III-N bonds, while remaining finite, decrease substantially. Further annealing causes
excessive out diffusion of both the indium and nitrogen atoms, with an undesirable
decrease of emission wavelength. This demonstrates that the present of nitrogen
by itself does not degrade the material quality, contrary to some unsubstantiated
theories.
Despite years of research, threshold current densities of GaInNAs lasers remain
high, With optimal design of the laser structure, and optimization of the annealing
duration and temperature, typical current densities for such lasers with 1.3pm and
1.55pim emissions are over lkA/cm2 and 10 - 20kA/cm 2 , respectively [8]. Broad area
lasers with 8W output power per facet have been demonstrated [9].
The amount of nitrogen incorporation was found to be limited by the 2D-to-3D
growth transition in the quantum wells [7]; when more than 1% of nitrogen is incor-
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porated, severe rippling occurs at the growth front. Recently, it has been observed
that antimony, at levels of 6-7%, can serve as surfactant. Far higher amounts of
both indium and nitrogen can be tolerated without degradation. Ha et al. [10] suc-
ceed in growing InGaAsNSb lasers with indium and nitrogen contents up to 46% and
2%, respectively. The emission wavelength was 1.46pum and the threshold current
density was 2.8kA/cm 2. However, the amount of antimony incorporation was found
to be very sensitive to both arsenic and nitrogen pressures, which causes significant
difficulty in obtaining repeatable growths.
Another interesting development coming from this effort is the unambiguous con-
firmation that degradation of a strained quantum well can be retarded by the use of
strain compensating layers around it. Fukunaga et al. [11] first reported that oper-
ating lifetime can be significantly extended by using a InGaAsP tensile strain layer
around an InGaAs QW in a laser structure. Due to the very high indium content
in GaInAsN QW's, strain compensating layers of GaAsN are particularly effective in
enhancing the photoluminescence and reducing the threshold current densities. Up
to 9 QW's were grown with no degradation when the GaAsN barriers were used while
degradation was observed after only 3 QW's if GaAs barriers were used [1]. How-
ever, the maximum amount of nitrogen one can add to the GaAs is only about 5%,
beyond which phase segregation starts to occur [8]. Tansu et al. [12] replaced the
tensile strained GaAsN barriers with the highly tensile strained GaAso.6 7 PO.33 and
they obtained a threshold current of 210A/cm 2 for a single QW 1.3pm laser.
1.2.2 Quantum Dots
While searching for the optimal growth conditions for quantum wells with very high
indium content (> 50%), Goldstein et al. [13] discovered that, under certain grow
conditions, InAs layers beyond the critical thickness (~1.7ML) could yield strong
photoluminescence with very broad width (>50meV). It was then understood that
with sufficient surface mobility for the indium atoms, achieved by using low indium
deposition rate and very low arsenic flux, and with sufficient growth interruption
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after the InAs deposition, the growth could proceed in Stranski-Krastanov mode with
small, isolated, InAs disks formed, instead of uniform layers with dislocations [14].
These disks have non-uniform sizes, which explained the broad PL peaks. However,
an individual disk, like an ID quantum object, possesses spike-like energy spectrum
with no momentum dispersion and has been named quantum dot (QD). The longest
wavelength achieved by such quantum dots imbedded in GaAs was about 1.2pm.
When the quantum dots were grown inside the InGaAs quantum wells, the emission
could be extended to 1.3pm. The extension was attributed mainly to the reduction
of quantum confinement and the strain-induced transfer of indium atoms from the
quantum wells to the dots.
Kirstaedter et al. [15] realized the first QD lasers in 1994. Subsequently, QD
lasers yielded one of the lowest threshold current densities for semiconductor lasers,
at 147 A cm-2, with 88% differential efficiency [16]. 3.5 W CW output power per
facet was achieved with broad area lasers with very long length [17]. Finally, the
broad emission linewidth of this material is not always a liability. A QD-based
semiconductor optical amplifier (SOA) that offered a wider bandwidth than that
achieved by bulk or quantum-well SOAs was realized by Akiyama et al. [18].
Such low threshold current density is possible mainly due to the high gain of QD's
but also due to the low density of the quantum dots in these lasers, in the range of
5 x 10 1cm-2. However, the low dot densities cause severe limitations in application.
As a consequence of the small active volume and the discreteness of the quantum
levels, higher energy levels are heavily populated. The relaxation to the ground
state, however, is severely limited by the slower rate of the multi-phonon process.
Since these excited levels are not lasing, their radiative lifetimes are long, and the
carriers occupying them are susceptible to loss to the barriers. This mechanism is
responsible for the low characteristic temperatures of many of these lasers despite
the large energy differences between the ground states of the dots and the barrier
[19]. Compounding with this problem is the fact that the densities of dots are wildly
variable from one research group to another, and the characteristic temperatures can
thus vary widely from 30K to 200K [8]. The low dot density also limits the total rate
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of electron-hole recombination, and, thus, the speed of the QD lasers [20]. Finally,
one must notice that successful emission is limited below 1.3pum, as longer wavelength
emission requires bigger dots which are usually defective.
1.3 Compositionally Graded Buffers
For a long time attempts have ben made to extend the emission wavelengths of the
quantum wells on GaAs by first growing thick, relaxed buffer layers between the
substrates and the device structures, the lattice constants of which are larger than
that of the substrates. It was hoped that more indium could be added to the quantum
wells, and hence longer emission wavelength could be obtained from them, since the
lattice constant difference between the wells and the new "virtual substrate" would
now be smaller. However, such buffers are always accompanied by excess amount of
dislocations, the presence of which is necessary to relieve the misfit strain between
the substrates and the buffers. The strain relieving misfit dislocations are always
terminated by threading dislocations, which incline at 450 from the surfaces, pierce
through the epitaxial structures on top, and can cause device degradation. The goal
is to minimize the amount of such threading dislocations.
By far the most successful way to achieve this goal is through the use of composi-
tionally graded buffers. In this approach, the change in lattice constant is introduced
incrementally. For example, the indium composition of a InGaAs compositional
graded buffer increases from a very small value to, say, 53%, if the lattice constant
of InP is desired. The change can be introduced smoothly and linearly, at about
5% - 30%/pm, or can be introduced in many small, uniform, steps. It has been
reported that with graded buffers, one can obtained "virtual substrates" with lat-
tice constant near that of InP, but with dislocation density as low as 10 4 cm 2 [21].
This was remarkable because this amount of dislocations is more than 3 orders of
magnitude less than that obtained by growing extremely thick layer (>10pm) of InP
directly on GaAs, which could already realize InP-based lasers [22]. As a matter of
fact, the dislocation densities of commercially available InP substrates are generally
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only less than 1, and at most 2 orders of magnitude better [23].
Compositionally graded buffers have been employed in the fabrication of various
electronic devices. Metamorphic High Electron Mobility Transitors (HEMTs) with
indium composition at around 53% have been grown on GaAs substrates with the
use of InAll_,As graded buffers [24]. With substantial cost reduction and greatly
improved manufacturability, their performance is essentially the same as the InP
based HEMTs [25]. Strain silicon on SiGe is also being actively developed to enhance
the carrier mobily of CMOS devices [26, 27].
Relatively less progress has been made in applying the graded buffer technique
to optoelectronic devices. Lord et al. [28] demonstrated a transmission electro-
absorption modulator operating at 1.3purm grown, by growing InO. 5Gao.5As multi-
quantum wells structures on linearly-graded buffers. Bulsara et al. [29] demonstrated
1.2 - 1.3pum light emitting diodes (LEDs) on InGaAs graded buffers, grown on GaAs
substrates, with poor efficiency. Kim et al. [30] also demonstrated yellow-green and
red LEDs on InGaP graded buffers, grown on GaP substrates. Rengel et al. [31]
was able to obtained GaAs bulk material on SiGe graded buffers on Si substrates
whose carrier lifetime is indistinguishable from that of the GaAs materials grown
homo-epitaxially. They used such GaAs material for photovoltaic applications.
Uchida et al. [32] and Kurakake et al. [33] fabricated ridge-waveguide lasers with
emission around 1.2 - 1.3pum emission. Little details were reported by them on the
growth conditions except the need to use enormous amount of H2Se during the growth
of the layers between the quantum wells and the graded buffers. They claimed the
application of H2Se flattens the growth fronts but otherwise gave no explanation.
Groenert et al. [34] integrated quantum well lasers with both GaAs and InGaAs
quantum wells on Si through the use of SiGe graded buffers. The reported lifetime
of the lasers with GaAs quantum wells, which are lattice matched to the claddings,
was about 4 hours. However, lasers with compressively strained InGaAs quantum
wells could only last for less than 15 minutes.
With the advent of the GaInNAs material and the quantum dot devices in the
recent years, a sensible approach to achieve 1.3 and 1.55ptm emission from GaAs
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substrates is perhaps to combine graded buffers with these new techniques. The
graded buffers need not be graded too far from GaAs, and the use of nitrogen in
GaInNAs, for example, can be more conservative.
1.4 Dislocations and Devices
As mentioned before, extra threading dislocations are inevitable on top of the graded
buffers. It was observed that the presence of the threading dislocations is particularly
detrimental to devices that rely on the minority carrier recombination, such as semi-
conductor lasers and heterojunction bipolar transistors (HBTs). So, it is necessary
to understand how threading dislocations cause degradation, and the possible means
to mitigate the effect.
1.4.1 Degradation of Semiconductor Lasers
It has been found that the fastest degradation process for GaAs/AlGaAs semiconduc-
tor lasers is the propagation of dark line defects in the active region [35]. During the
operation, sections of the threading dislocations intersecting the active regions were
found to elongate laterally along the [1 0 0 ] or [ 0 1 0 ] directions at a velocity of about
80 - 250 pm/hr for a current density of 0.5 kA/cm 2 [37]. As a result, the lengths of
the dislocations in the active regions were greatly enhanced, as demonstrated in Fig.
1-2. The elongated segments were called the dark-line defects (DLDs).
The dislocation climb process, happening practically at room temperature, is en-
abled by the nonradiative recombination of electrons and the holes. It is effectively a
low temperature annealing process. The energy released by the nonradiative recom-
bination is channelled into large atomic movements at the recombination sites. The
activation energy of the diffusion process was found to be reduced from over 1 eV to
only about 0.3 eV [36]. With this great ease in atomic motion, dislocation climb oc-
curs, driven mainly by the non-equilibrium concentrations of the native point defects
such as the interstitials or the vacancies in the crystals.
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Figure 1-2: The elongation of a threading dislocation into a dark line defect (DLD)
during device operation.
In theory, in order for a dislocation to climb across one lattice site in a zincblende
material, either a pair of interstitials or vacancies, one from each of the two sublattices,
has to be absorbed or released by the dislocation. However, simultaneous under- or
super-saturation of interstitials or vacancies from both sublattices is rare. Petroff and
Kimerling [38] suggested that only the super- or under-saturation of interstitials or
vacancies from one sublattice is necessary. For example, when a gallium interstitial
approaches a dislocation in GaAs, an arsenic atom nearby can be knocked out of its
lattice site by the force of the nonradiative recombination. The free arsenic atom can
join the dislocation and an arsenic vacancy is expelled. A dislocation will climb in this
manner if it is energetically more favorable to have an extra arsenic vacancy than a
gallium interstitial in the crystal, i.e., if the formation energy of a gallium interstitial
is higher than that of a arsenic vacancy. Since the typical growth conditions in
molecular beam epitaxy and various other forms of chemical vapor deposition are
generally far from equilibrium, and the growth temperature is also very different from
the operating temperatures of the devices, the materials obtained by these methods
are expected to have non-equilibrium concentrations of certain point defects. This
explains the fast elongation of the dislocations during device operations.
An alternative theory stated that the non-radiative recombination events can
knock out an atom from each sublattice around a dislocations [39]. Then a pair
of interstitials, for example, can join the dislocation, while the vacancies can be re-
leased. In this example, if the release of the vacancies can help to bring down the free
28
energy of the system, either elastically or chemically, then it is energetically favorable
for a dislocation to climb.
1.4.2 Suppression of the Dark Line Defects
It was realized later that when GaAs quantum wells were replaced by strained InGaAs
quantum wells, the DLD could be eliminated [40, 41]. Fukagai et al. [37] reported
that the elongation velocity of the threading dislocations was suppressed by at least
three orders of magnitude. Yellen et al. [42] noted that if the indium composition in
the InGaAs quantum wells was less than 5%, DLDs could not be suppressed. Choi
et al. [43] reported the use of InGaaAs, with small x, to suppress the degradation
of lasers grown on Si. They achieved a lifetime of 56.5 hours for one of their lasers
with 5% of indium in the quantum well. Furthermore, they noticed, as Yellen et al.
did, that the increase in lifetime was commensurate with the amount of indium in
the quantum wells. However, the threshold currents of these lasers also climbed up
quickly as the indium composition increased. They reasoned this being the result of
the threading dislocations bent into the active regions by the compressive strain of
the quantum wells. However, the strain in their quantum wells was far less than the
critical value as determined by Matthews and Blakeslee, and so it should have been
energetically unfavorable for any bending to happen [3].
The suppression of DLDs was first explained by the presence of indium atoms in
the wells. Kirkby in [44] predicted that it would be difficult for the dislocations to
move past the high stress field around the indium atoms, which are larger than the
gallium or the aluminum atoms. This is identical to the hardening effect of impurities
in metals. While this mechanism may be effective in arresting the gliding movement
of straight dislocations, it is not clear why the climbing action, which causes the
DLDs, could not just proceed in regions where the indium atoms are absent.
Hopgood [45] argued that the compressive strain generated in these layers en-
hanced the solubility of vacancies. He argued that it is energetically favorable to
form or retain vacancies in a compressed layer, i.e. the formation energies of the va-
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cancies are lowered, because the crystal around a vacancy can relax to accommodate
the compression. Suppose that vacancies are absorbed in order to facilitate dislo-
cation climb, then the higher stability of the vacancies can retard the growth of the
DLDs. However, it was observed in transmission electron microscope (TEM) studies
that DLDs are dislocations of the interstitial type, i.e., they consist of extra planes
of material. So they cannot be formed by absorbing vacancies [39].
Wang et al. [46] suggested that with sufficient compressive stress, the area enclosed
by the DLDs of the interstitial type can be shrunk. In addition, they noted that
the amount of indium necessary to suppress the dislocation climb is a strong function
of the doping level, because the native point defects are usually charged, and their
concentrations depend on the free carrier concentration in the semiconductor. So,
the rate of DLD climb and the amount of compression needed to counter that depend
also on the doping level.
To summarize, one can conclude that while the addition of compressive strain is
certain to retard the spread of DLDs, the mechanism behind the phenomenon is still
unclear.
The uncertainty in the origin of the DLD suppression probably mirrors the un-
certainty in the identity of the native point defect that drives the dislocation climb.
A possible strategy to investigate these issues is the following:
1. Moderate but known amounts of threading dislocations are generated. The
density should not be too low such that enough degradation processes can be
detected and analyzed. It should also not be too high, such that, hopefully,
individual DLD can be resolved from each other. Densities of about 105 cm 2
to 10 cm 2 are probably appropriate.
2. Quantum well lasers or light emitting diodes (LEDs) with quantum wells having
identical composition but under different strain states are fabricated with known
amounts of dislocations threading through them.
3. The degradation of these lasers will be investigated.
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A rather straight forward way to conduct this experiment is to grow a thin mis-
matched layer of InyGalyAs (y = 0.53) on InP to generate the dislocations, cap it
with an InP buffer layer, and then grow a quantum well laser on top with InGai 2As
as quantum well and In 0 .52A10 .48As as barrier. By varying x one can tune the strain
in the quantum well from tension to compression, with known magnitude. More-
over, there has been significant amount of experience in the growth of such epitaxial
materials by both MBE and metal-organic chemical vapor deposition (MOCVD).
Unfortunately, InGaAsP materials lattice-matched to InP generally do not degrade
by DLD [47, 48]. It is also difficult to have InxGai_-As single quantum wells lase in
CW mode at room temperature. Multi quantum well structures will probably make
the observations of the DLDs, if any exist, difficult.
An alternative approach is to use relaxed graded buffers. One could grow linear
InGaAs graded buffer layers on GaAs substrates. The final compositions of the
graded buffers will be different for different samples. After the graded buffer layers
are completed, the claddings and charge collection layers of the quantum wells lasers
will be grown with InGaAlAs materials lattice matched to the final compositions
of the graded buffer layers. The quantum wells will be grown pseudomorphically
to the cladding layers and will always composed of, for example, Ino.1 Gao.gAs, for
all samples. By tuning the final composition of a graded buffer, the strain of the
Ino.1Gao.9As quantum well can be set in tension or compression. For example, to
achieve a tensile and compressive strain of 0.72% in a Ino.15Gao.85As quantum well
(the same absolute value of strain as a pseudomorphic In 0.1 Ga0.9As layer on GaAs),
the final compositions of the buffer layer should be Ino.05 Gao.95 As and Ino.25 Gao.75As,
respectively. Aside from the scientific inquiry, this experiment can critically assess
the reliability of using graded buffers in the quantum well laser structure.
1.5 Thesis Project and Organization
As mentioned above, there has been only reported results from one group on using
the graded buffers in laser structures [32], and practically no systematic study into
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the issues of doing so. We set out to isolate the different issues in the growth of such
a structure, to collect enough information such that high quality LEDs or lasers (but
not necessary with long lifetimes) can be fabricated. The samples were grown by
MBE and then characterized primarily by x-ray and photoluminescence (PL).
For this thesis, the photoluminescence from two single quantum well structures
were carefully studied. They are shown in Figure 1-3. The diagrams only serve as
schematics, as the precise compositions in these structures were changed according
to the need of the particular experiments.
Barrier In 0.2 Ga 0.8 As 100nm Barrier In 0 .2 A10 .4Ga0 .4 As 100nm
QW In 0.35 Ga 0.65 As 7n QW In 0 .2 Ga 0 .8 As 7nm
Barrier In 0.2 Ga 0.8 As 500nm Barrier In 0.2A10.4 Ga0 .4 As 500nm
In .22Ga.7As urn Graded In O.2 2Ga 0 .78 As 1 um
Graded G at Buffer t at
Buffer GaAs 1mhr
GaAs Substrate GaAs Substrate
Growth Direction Growth Direction
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QW Barrier BGraded
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Figure 1-3: Single quantum well structures on InGaAs graded buffers studied in this
thesis. The quantum well in structure (a) had higher indium composition, and was
under compressive strain. The quantum well in structure (b) could be unstrained,
and the barriers had larger bandgap. The bandgap diagrams are directly underneath
the respective schematic layer structures.
The main difference between the structures was the presence of aluminum in
Figure 1-3b but not in Figure 1-3a. The structure in Figure 1-3a was studied due
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to its simplicity, and the fact that this is probably the most studied structure in the
literature. Carrier confinement in the quantum wells was accomplished entirely by
the difference in indium content between the quantum wells and the barriers. The
quantum wells were, inevitably, compressively strained, the amount of which was
proportional to the amount of carrier confinement, making it impossible to isolate the
two issues. The quantum wells in Figure 1-3b could be under any strain state. We
generally used as much aluminum as possible, to maximize the carrier confinement, as
long as the bandgap remained direct. Typically, the aluminum content in the barrier
layers was 40%. Aluminum containing epitaxial materials from MBE, however, need
high growth temperature. This was found to be incompatible with the growth of any
structures on graded buffers, as we will demonstrate in this thesis. The epitaxy of
InGaAlAs on graded buffers had also received much less attention.
The experimental study was carried out as following. We first optimized the
growth condition in MBE under which good graded buffers can be obtained. We
also introduced ex-situ thermal annealing as a mean to drastically inprove the mate-
rial quality. Then we changed the compositions of the sturctures in order to vary the
confinement and the strain state of the quantum wells grown on top of the graded
buffers. The characterization was done by using both room temperature and low
temperature photoluminescence. The analysis was also assisted by comparing the
quantum well emission wavelengths as measured by the PL with the calculated values
from simulation specifically developed for this project. Unlike all previous studies,
we constantly compared the absolute luminescence intensities between the pusedo-
morphorical and metamorphorical grown quantum wells.
The rest of the thesis will be organized in the following manner. In Chapter
2, we present the procedure to optimize the growth of the InGaAs compositionally
graded buffers with the MBE. The measurements of the aluminum-free quantum
well structures will be presented in Chapter 3. The annealing study of the quantum
well structures with InAlGaAs barriers will be discussed in Chapter 4. In Chapter
5, we report the degradation of the luminescence from the quantum wells on graded
buffers triggers, apparently, by the strain of the quantum wells. Temperature de-
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pendent photoluminese was carried out to investigate further the PL enhancement
due to annealing and the degradation due to strain. The results will be reported in
Chapter 6. Theory on the temperature dependent photoluminescence process will
be reformulated as a diffusion problem. The relevant differential equation will be
solved and the temperature dependence of the solution will be studied in Chapter 7.
We will conclude and make suggestions on future work in Chapter 8.
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Chapter 2
MBE Growth of Graded Buffers
2.1 Strain Relief by Dislocations
The benefit of compositional grading can be illustrated by Figure 2-1. When the
lattice constant difference is introduced in one step, all the strain relieving misfit
dislocations are present at the interface, lying horizontally along either the [ 1 1 0 ] or
the [1 1 0 ] directions (i.e. perpendicular to the plane of the paper). There are two
main problems. First, the larger the amount of misfit, the larger is the number of
misfit dislocations necessary to relieve the strain, and the dislocations are thus more
closely packed with each other. Second, as all of these dislocations are concentrated
at the interface, they quickly run into each other, and the misfit dislocations break
into short segments. For this reason, the average length of the misfit dislocations is
short. As a result, the density of the threading dislocations, a pair of which terminate
each misfit dislocation, is very high, assuming the threading dislocations do not pierce
into the substrate.
On the other hand, if only a small amount of misfit is added initially, the amount
of misfit dislocations is smaller proportionally. They are allowed to glide for longer
distance, and hence fewer threading dislocations exist. When more misfit is in-
troduced subsequently, more strain relieving misfit dislocations can be generated by
breaking apart the existing threading dislocations. The chance of having two misfit
dislocation segments running into each other is also vastly reduced. So, it is possible
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Figure 2-1: Schematic illustrations of the strain relief mechanisms in two kind of
buffers: (a) buffer with an abrupt change in composition at an interface, and (b)
buffer with gradual compositional grading from the substrate to the top of the buffer.
to relieve all subsequent misfit without generating additional threading dislocations.
In addition to the lower dislocation density, much less residual misfit strain is left
after a certain thickness of buffer material is grown when grading is used. Additional
details on the defect structures in and the strain relief of graded buffers can be found
in [49], [50], [51] and [52].
As explained above, the suppression of the threading dislocation densities in the
graded buffers hinges on the the misfit dislocations' ability to form long segments.
This can be achieved if the dislocation gliding is facile, which requires high substrate
temperature, because it was found that the gliding velocity can be expressed empir-
ically as v = Brle-U/kT, where B is a constant, T is the resolved sheer stress on
the threading segment of a dislocation, and U is the activation energy of the gliding
[53]. It is also necessary that the misfit segments be well separated from each other,
both along and perpendicular to the growth direction. So, grading rate has to be
sufficiently slow. Finally, the high substrate temperature and low grading rate are
necessary to maintain low strain level at the growth surface, and help to suppress
nucleation of new dislocations. These assertions were demonstrated in [54] and [49].
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In the following sections, the effort in this thesis to optimize the graded buffer
growth condition will be detailed. It was observed that high substrate temperature
during the graded buffer growth greatly enhance the luminescence of the quantum well
structures grown on top of the graded buffers. Due to the high growth temperature,
indium incorporation became a variable of many factors, and had to be calibrated
empirically. Vastly higher arsenic pressure was also necessary. It was observed
that very deep trenches developed on top of the graded buffers as the substrate
temperature increased. The quantum well structures on top of the graded buffers
could only be grown properly in a narrow range of substrate temperatures around
4500C, much lower than what one would use for the pseudomorphic InGaAs growth
on the InP substrates. The substrate temperature for the InGaAlAs barrier layers
was also limited. Finally, it was necessary for the graded buffer to grade beyond the
intended composition of the uniform layer on top, in order to induce a certain amount
of tensile strain to compensate for the residue compressive strain of the graded buffer.
2.2 Substrate Temperature for the Graded Buffers
While the need for high substrate temperature was well known in the growth of SiGe
graded buffers, the InGaAs or InAlAs graded buffers are generally grown at low tem-
perature, below 5000C. In the case of InAlAs graded buffers utilized in metamorphic
HEMTs, the substrate temperature during the growth of the graded buffers was lim-
ited to below 4000C, in order to maintain maximum flatness on the growth front and
minimize carrier scattering due to roughness [55]. The growth of InGaAs buffers
were generally performed at 450 - 500'C, to avoid indium desorption and segregation
[56]. Bulsara et al attempted to use substrate temperature at 5800C in MBE and up
to 7000C in MOCVD. They observed some reduction in the dislocation density at
higher temperature, however its correlation with the luminescence from the quantum
wells above their graded buffers was unclear [29].
We attempted the use of substrate temperature sof 6000C with excellent results.
However, severe indium desorption did occur and needed to be compensated, and
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significantly more arsenic had to be applied.
2.2.1 Luminescence and Substrate Temperature
The need of high substrate temperature for good graded buffers can be demonstrated
amply in Figure 2-2. Three compositionally graded InGaAs buffers, with indium
composition graded linearly from 1% to 22% through a thickness of I.itPm, were grown
at three substrate temperatures, 400'C, 5000C, and 600 0C. Immediately afterwards,
the substrate temperatures were ramped to 5000C, and a single InO. 2GaO.8As quantum
well with InO.2GaO.4Al. 4As barriers was grown identically on all three samples. The
layer structure was represented schematically in Figure 2-2a. It should be noted that,
for the sample grown at 6000C, significantly higher arsenic pressure was applied than
the other two samples. The quantum well and barriers were also not grown at the
optimal condition as will be discussed in Section 2.3.
The band diagram of the structure studied is shown in Figure 2-2b. Notice
that, other than the quantum well itself, which was the primary source of carrier
confinement, there was also a weak confinement at the region just above the graded
buffer, which contributed another peak in the low temperature photoluminescence at
an energy corresponding to unstrained InO.2GaO.8As, at 1.225eV. The quantum wells
emitted at the higher energy of 1.315eV due to the carrier confinement. Both peaks
show dramatic improvement in luminescence as substrate temperature increased. The
peaks corresponding to the quantum wells showed an enhancement of 58 times, while
the peaks corresponding to the top of the graded buffers were improved by more
than 150 times, when substrate temperature was raised from 4000 C to 6000C. For
most of the structures studied in the rest of this project, the graded buffers were
entirely grown at 6000C. The need of high substrate temperature brought about
three issues. First, indium desorption was very significant. Second, vastly higher
arsenic pressure was necessary. Finally, it was observed that deep trenches due to
crosshatches developed on the surface. Each of these three issues will be discussed
in turn in the following three subsections.
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Figure 2-2: The effect of the graded buffer substrate temperature on the luminescence
of quantum wells above the graded buffers. The structure of the samples studied is
shown in (a) and its band diagram is shown in (b). The graded buffers were grown at
three different substrate temperatures, 400'C, 5000C, and 600'C. The PL of these
three samples is shown in (c). The sample IDs are 0026, 0024 and 0042.
2.2.2 Indium Desorption
The precise amounts of indium desorption under different circumstances were mea-
sured in this project by carrying out double axis x-ray diffractometry in both the 004
and 224 directions on thin uniform layers of InGaAs or InGaAlAs grown on top of the
graded buffers, the procedures of which are detailed in Appendix B. The amount has
to be measured empirically for each different situation. The results are summarized
in Table 2.1.
The sticking ratio dropped from one at 5000C to about 0.61 at 600"C for InO.2Gao.8As.
The actual value was sensitive to the indium fraction at the growth front and was
even slightly dependent on the arsenic pressure. The arsenic pressures used in this
study were always about twice as much as necessary to keep the surface under the
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-J
0~
Quantum Well
- Ino.2Gao.8As Ino. 15Gao.85As Ino.1Gao.9As Ino 2Gao.6 Alo.2As Ino. 2GaO.4Al0.4As
<5000 C 1 1 1 1 1
5500C 0.92(0316i) - - 0.93(0316n) 0.98(0316m)
5750C 0.83(0287b) 0.84(0278c) 0.87(0278a) -
6000C 0.61(0316a) - - 0.77(0316g) 0.83(0316c)
Table 2.1: Sticking ratios at various temperatures and at different indium and alu-
minum compositions. The sample IDs are listed in the brackets.
arsenic-stabilized condition, as will be explained later in this section. We also ob-
served that it was possible to suppress the indium desorption by adding aluminum
to the material. However, we did not use this technique because the quantum well
structures grown on top of the InGaAlAs graded buffers seemed to have poorer lumi-
nescence property. When one extracts the desorped indium fluxes for Ino.2 Gao.8 As
and plots it against the substrate temperatures, Figure 2-3, one can deduce that the
activation for the desorption process was around 2.4 eV, agreeing well with the ac-
tivation energy of 2.6 ± 0.3 eV for indium desorption from unstrained InO. 12Gao.88As
as reported in [57].
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E
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Activation Energy = 2.4 eV
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Figure 2-3: Desorped indium fluxes vs. substrate temperature for Ino.2Gao.As. The
activation energy for the desorption process was about 2.4 eV.
40
2.2.3 Arsenic Pressure
It has been well known that when the InGaAs quantum wells are grown at high sub-
strate temperature (> 570'C), indium segregation also occurs along with desorption
[58]. Rather than staying in the part of the crystal where a quantum well was sup-
posed to have been grown, the indium would instead continuously stay at the growth
front in the form of indium droplets, even well after the shutter for the indium ef-
fusion cell was closed. Moreover, it was observed that the reflection high-energy
electron diffraction (RHEED) pattern would change from a 2x4 pattern, signifying
an arsenic-stabilize surface, to a 4x2 pattern, which signifies a group-III-elements-
stabilized surface. Previous study on GaAs growth under high substrate temperature
also demonstrated that the 2x4 to 4x2 transition can be suppressed by additional
arsenic pressure [59]. Finally, large amounts of oval defects were observed when insuf-
ficiently arsenic was applied during the growth of both GaAs and InGaAs materials
[60].
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Figure 2-4: (a) Arsenic over-pressure vs. surface indium fraction at the 2x4 to
4 x 2 transition, with the substrate temperature set at 600"C. (b) Luminescence from
identical 7nm Ino.3 5Ga. 6 5As quantum wells grown on top of two Ino.oi-o.2Gao.99 . 8As
graded buffers, with and without sufficient As pressure. The sample IDs are 0108
and 0171.
In view of the previous discussion, the arsenic flux was picked such that it was
twice as much as necessary to keep the surface under the arsenic-stabilized condition,
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with the 2x4 RHEED pattern. The arsenic fluxes at which the transition occurred
as a function of indium composition at the surface, with the substrate temperature
set constantly at 600'C, are shown in Figure 2-4a. Notice the very steep increase
of arsenic pressure necessary to keep the surface in the As-stabilized condition. In
Figure 2-4b the luminescence from two identical 7nm InO. 35Gao.65As quantum wells,
both with InO.2 GaO.8As barriers, grown with and without sufficient arsenic during the
graded buffer stage are compared. As the maximum amount of arsenic pressure
available in our MBE is only about 5 x 10-5 torr, the maximum indium composition
we could grade to was only about 20 - 25%.
2.2.4 Surface Crosshatches
Atomic force microscopy (AFM) was carried out on the surface of the graded buffers
grown at different temperatures. 300nm of Ino.15Gao.85 As uniform bulk material was
grown on three InO. 01 0.16 Gao.99 ,0 . 4As graded buffers, with substrate temperatures of
4500C, 5000C and 600'C, respectively. The results are summaries in Figure 2-5. The
main observation was that the roughness increased with the substrate temperature.
Moreover, as the substrate temperature was raised to 6000C, trenches as deep as
10nm were form on the surfaces, at rather uniform spacing, running along both the
[ 1 1 0 ] and the [ 1 1 0 ] directions. At lower growth temperatures, only random
roughness was observed.
Chang et al. [61] observed that deep uniform crosshatches were formed when
uniform mismatched (lattice-mismatch < 2%) materials thicker than the Matthews-
Blakeslee critical thickness were deposited on GaAs at the relatively high temperature
of 5200C. At lower temperature, the crosshatch morphology was poorly defined.
When the lattice-mismatch between the epitaxial layer and the substrate was larger
than 2%, the surface became very rough with no crosshatch. They suggested that
the undulation of the crosshatch pattern was caused by the accumulation of steps
introduced by the misfit dislocations.
This theory was partially corroborated by the plan-view transmission electron
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Figure 2-5: Surface features of 300nm Ino.1 5 Ga .8 5 As layers on top of three
Ino.oi.o.16Gao.*99 o.84As graded buffers grown at 450'C, 500'C, and 600'C. Root-
mean-squared roughness are listed along with the growth temperatures and the AFM
scans. The linear scans were obtained by plotting the depth vs. displacement along
the dark line in each AFM scan. The sample IDs are 0163, 0162 and 0161.
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microscopy and AFM study of relaxed mismatched layers by Beanland et al. [62],
who suggested that the crosshatch pattern was related to the closely spaced bunches
of the dislocations, generated by dislocation multiplication process around the Frank-
Read sources.
Yoon [63] observed that the surface roughened as the thickness of the mismatched
layers increased. Specifically, he observed that small, slightly elongated, surface un-
dulation was developed just after the critical thickness was reached. The undulation,
however, merged into long strips and deep trenches as the layer thickness increased.
This should be contrasted with the roughness from the normal substrates, or gen-
erated during the oxide desorption, that is usually removed under suitable growth
condition after a short duration of the epitaxy growth.
Fitzgerald et al. [52] studied the development of crosshatches directly on SiGe
graded buffers, rather than on uniform mismatched layers. He noticed that the
amplitude of the trenches rose quickly as the grading rate increased, while the dislo-
cation densities stayed approximately constant. Since all their graded buffers were
terminated at the same SiGe composition and the dislocation densities were nearly
the same, they concluded that the depth of crosshatches was not directly related to
the steps introduced by the misfit dislocations underneath. Instead, they demon-
strated theoretically that the crosshatches were more likely related to the residual
strain field of the misfit dislocations, which was close to zero on average but can have
large local perturbation. The surface then roughened to alleviate the local strain.
When the graded buffer was finished and the uniform layer was grown, the roughen
surface remained but there was no driving force for the smoothening.
Samonji et al. [64] studied the deposition of uniform InGaAs layers and InAs/GaAs
superlattices onto GaAs and InP substrates. They argued that, once small amount of
steps related to the misfitted dislocation were present on the surface, the crosshatches
could aggravate simply because of the differences in adatom mobilities and the lattice
constants between InAs and GaAs. With the use of the AFM, they observed that
when sub-monolayer of InAs was depositied onto a InGaAs layer hetero-epitaxially
grown on GaAs, the InAs islands, under compressive strain, preferentially coalesced
44
at the top of the crosshatch ridges. When sub-monolayer of GaAs was depositied
onto a InGaAs layer hetero-epitaxially grown on InP, however, the GaAs islands,
under tensile strain, spreaded uniformly over the whole surface.
They reasoned that the lattice of the hetero-epitaxially grown InGaAs was more
relaxed at the top of the ridges, and it was energetically favorable for the InAs islands,
which have larger lattice constant, to reside there. The In adatoms could migrate to
there due to their very large average migration length before incorporation, the value
of which is more than 2pm at 450'C. On the other hand, the Ga adatoms could
not coalesce at the valley within reasonable amount of time despite the tensile strain
of GaAs on the InGaAs surface, due to the much lower average migration length of
less than 500nm at 5300C. As a result, the top of the ridges had higher growth
rate than the rest of the surface. As long as a ternary material such as InGaAs is
deposited onto a rough surface, the roughness could only increase, consistent with
Yoon's observation [63]. This also explained the buckling of the compressive SiGe
layers grown onto SiGe graded buffers observed in [65]. The effect became the more
prominent the higher was the substrate temperature, or the larger was the fraction
of the high adatom mobility element in the alloy (e.g. indium in InGaAs), consistent
with our measurements. This was effectively the same effect that vertically aligns
the lateral dot positions of different layers of quantum dots in an InAs quantum dot
laser [66].
It has been demonstrated experimentally and will be explained in the next chapter
that this crosshatched surface can severely limit the amount of strain, both compres-
sive and tensile, one can apply to quantum wells on top of the graded buffers.
2.3 Substrate Temperature for the Barriers and
the Quantum Wells
In the course of this thesis work it has been observed that the quantum well lu-
minescence is sensitive not only to the substrate temperature during the growth of
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the graded buffers, but, independently, also to that during the growth of the bar-
riers and the quantum wells. Unlike the graded buffers, which seemed to benefit
from high growth temperatures, the structures above the graded buffers had an op-
timal growth temperature far below the usually growth temperature for InGaAs or
InGaAlAs epitaxy on InP or InGaAs quantum wells on GaAs with MBE, both at
around 5000C. It should also be pointed out that, unlike the choice of temperature
during the graded buffer growth, the issue of substrate temperature for the materials
above the buffers, while obviously important, had not received any attention in the
literature. Typically, the substrate temperature was either chosen to be the same for
both the graded buffer and the structure above it, or it was assumed to be optimal
at the same temperature as for InGaAs on GaAs or InP.
The main results are summarized in Figure 2-6, which shows the low temperature
photoluminescence of the two quantum well structures grown at various substrate
temperatures. All the graded buffers were grown uniformly at 6000C. The bar-
rier and quantum well in the structures in Figure 2-6a and b are InO. 2GaO. 8As and
Ino.35Gao.65As respectively, as shown in Figure 1-3a. As is clearly shown, the growth
temperature was not only limited from below, usually due to insufficient adatoms
surface mobility during growth, it was also limited from above. The luminescence
followed similar behavior when the quantum wells were grown at a constant tempera-
ture of 4500C while the substrate temperatures for the barriers varied. In either case,
the optimal substrate temperature was limited to a very small range around 4500C.
Similar behavior was observed when the barriers was replaced by InGaAlAs, and
the quantum wells were replaced by the unstrained ones, as shown in Figure 2-6c
and d. The tested structure was similar to the one shown in Figure 1-3b, but
with an InO 15GaO.45Alo.4oAs barrier instead. The quantum wells were still 7nm of
InO. 3 5 Gao.6 5 As and the graded buffers were again grown at 6000C. The quantum wells
were all grown at 450 0C. Thermal annealing had been carried out on the finished
structure, which will be explained in detail in the next chapter. The optimal substrate
temperature was found to be higher, at around 4900C, and showed considerably less
sensitivity to the precise value. Notice that the emission from the barriers at about
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Figure 2-6: Low temperature (19K) photoluminescence of single quantum well struc-
tures grown at various substrate temperatures, (a) and (c) and the FWHM of the
quantum well peaks (b) and (d). The quantum wells of the samples for (a) and (b) are
strained, and the barrier layers of those sample for (c) and (d) contained aluminum.
All plots are shifted horizontally and vertically to enhance clarity, except the lowest
plots in their respective graphs. The inserts are the FWHMs of the quantum well
PL peaks. The sample IDs are 0168, 0174, 0108 and 0106 for (a) and (b) and 0286g,
0286h and 0286i for (c) and (d).
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1.9eV decreased monotonically as the substrate temperature increased, signifying the
longer carrier lifetimes, thus better materials, in the aluminum containing materials
at the higher growth temperatures. Hence, it was clear that the better luminescence
at 490 C was not related to the carrier lifetime in the barrier.
A cap of growth temperature at such low value was certainly not observed in
the pseudomorphic growth of strained InGaAs quantum wells on either GaAs or
InP. Normally, the growth temperatures were caped in those cases due to either the
onset of the indium segregation, or the lack of arsenic pressure [58]. In either case,
the surface RHEED pattern changed from arsenic-stabilized 2x4 pattern to group-
III-elements-stabilized surface with 4x2 pattern. Either of these possibilities was
carefully excluded in this study. Since no transmission electron microscopy (TEM)
was carried out, we had no certain way to determine the cause.
Very often, a very low growth temperature cap, such as that observed in the
growth of the GaInNAs materials, is explained by the presence of phase separation.
At low substrate temperature, the movement of the adatoms is limited kinetically, so
no phase separation occurs, but there are copious amounts of non-stoichiometric point
defects, which act as non-radiative recombination centers. At elevated temperature,
the adatoms can migrate to minimize the surface energy, and phase separation can
occur if it is energetically favorable to do so. In the case of GaInNAs, it was observed
that in the presence of nitrogen and very large compressive strain in the quantum
wells, the planarity of the growth front was lost as the substrate temperature increased
[671. The full-width-half-maximum (FWHM) of the photoluminescence peaks simul-
taneously increased. When the phase separation became severe, significant amounts
of threading dislocations were observed and the PL intensity dropped quickly.
The above description seems to fit the case for the structures without aluminum,
with photoluminescence strongly peaked at around 450'C (Figure 2-6a) and the PL
peaks broadened as the substrate temperature increased (Figure 2-6b). However,
it was not clear at this point what was the cause of the phase separation for these
quantum wells. There was not expected to be any significant phase separation in
the quantum wells in the case of Figure 2-6c and d, as they were under no strain,
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and all the wells were grown at a uniform temperature of 450'C. The FWHM of the
peaks also decreased with substrate temperature, as shown in Figure 2-6d. It was
possible that the barrier InGaAlAs materials, instead of the InGaAs quantum wells,
underwent phase separation, and the peaking of luminescence strength was limited
from below due to carrier lifetime, and from above due to extra threading dislocation
induced by the phase separation.
For the rest of the growths discussed in this thesis, the quantum wells were grown
at 4500 C, while the InGaAlAs barriers layers were grown at around 5000C.
2.4 Inverse Step
The continuous gliding of the threading dislocations requires the compressive strain in
the graded buffers to be above a certain threshold value. So, the compressive strain in
the graded buffers can never approach zero, because, when its value drops below the
threshold, the gliding ceases, and then no more strain relief occurs. The dislocation
gliding itself can also be retarded kinetically, particularly when the compositional
grading is too fast, and then even more residual strain will remain behind. After the
graded buffers are finished and the uniform layers started, the residual compressive
strain remains and, when the critical thickness is reached, either new dislocations
are nucleated, or the existing threading dislocations break apart and form new misfit
segments right inside the uniform layer. Both scenarios are undesirable. Moreover,
it has been known that residual strain enhances the roughness of the growth front
[681.
A typical method to overcome this problem is to grade beyond the desired end
composition, Figure 2-7 [55]. The subsequent uniform layer will have less indium,
and thus smaller lattice constant than the top of the graded buffer. This difference in
lattice constants induces a tensile strain partially compensating the residual compres-
sive strain from the graded buffer. This reduction in indium composition is termed a
"inversed step," and has been applied in all metamorphic HEMTs fabrication. How-
ever, the amount of residual strain, and, hence, the optimal size of the inverse step,
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depends on many factors, such as the substrate temperature and the grading rate,
and needs to be measured empirically.
Lattice Lattice Residual Without
Constant Constant Strain grade-back
With
grade-back
Thickness Thickness Thickness
(a) (b) (c)
Figure 2-7: Structures without (a) and with (b) the inverse step after the graded
buffers finish growing. The amounts of residual strain at every stage of the growths
for the two cases are shown schematically in (c).
Cordier et al. [68] tried to measured the optimal size of the inverse step on
InAlAs graded buffer by growing uniform layers with different compositions onto
graded buffers with the same end composition, and then measuring the roughness
on the surfaces by AFM. They claimed that the roughness of the surface must be
inversely proportional to the amount of residual strain. Regardless of the correctness
of this claim, their results were far from conclusive.
Saced6n [69] et al. performed a similar experiment on InGaAs layers with InGaAs
graded buffers. Instead of measuring the roughness, they measured the PL intensity
emitted from the structures at low temperature. They did observed a maximum
in luminescence strength at a particular size of the inverse step. However, as all
their graded buffers were identical, the inverse step was bigger the less indium in the
uniform layer. Hence, the bandgap of the uniform layer was inevitably proportional
to the size of the inverse step in their experiment. As explained in Section 2.2.1, such
change in the bandgap can create a weak confinement for the carriers, observable in
the PL at low temperature. In effect, as the inverse step was small, the confinement
was too weak, and the region probed was the uniform layer of each sample, as in-
tended. As the inverse step increased, the carriers generated in the uniform layers
were confined into the regions immediately above the graded buffers, and the PL no
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longer reflected the material quality of the uniform layers. Indeed, the shift of the
PL emission wavelengths as reported by them conformed excellently to the above
assertion. For the same reason, the variation of the PL peak FWHM in the report
was also meaningless.
We extracted the optimal design of the inverse step by growing the same barriers
and quantum well structures onto different graded buffers, all graded at the same
rate but having different indium compositions at the end. The results were summa-
rized in Figure 2-8a. All the structures had 7nm Ino.35Gao.6 5 As quantum wells with
In0 .15Gao.45Al1. 4As barriers on top of the graded buffers. The ending indium fractions
of the graded buffers were 15.0% (no inverse step), 16.2%, 17.3%, 18.3% and 20.1%.
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Figure 2-8: (a) Low temperature photoluminescence from 7nm InO. 35Gao.65As quan-
tum wells with In 0.15Gao.45 Alo.4As barriers on top of graded buffers with various end-
ing indium fractions. (b) X-ray rocking curves along the 004 and 224 reciprocal
directions of an uniform 500nm layer of Ino.158Gao.842As on top of a graded buffer.
There was no inverse step for this sample. The sample IDs are 0284c, 0284a, 0284g,
0284h and 0284b for (a) and 0277a for (b).
The key finding was that the luminescence was maximum when the indium fraction
of the barrier was 87% of that of the top of the graded buffer. If one assumes that
the uniform layer of this particular structure had fully relaxed to the in-plane lattice
constant of the top of the graded buffer, then the degree of relaxation of this graded
buffer, with top indium fraction of 17.3%, was about 87%. The degree of relaxation
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was defined as:
in-plane lattice constant at the top of the graded buffer
lattice constant at the top of the graded buffer assuming complete relaxation
It should be noted that it was not the optimal size of the inverse step for a
particular graded buffer that was measured here. We were instead choosing the
optimal graded buffer ending point for a particular quantum well structure. There
might still be a different quantum well and barrier structure that would yield excellent
luminescence on top of the graded buffer with top indium fraction of 20.1%. Also,
no systematic change in the PL peak FWHMs was observed.
A standard technique to measure the residual strain of a reasonably thick layer
was to carry out double axis x-ray diffractometry in both the 004 and 224 directions,
which measures independently the in-plane and out-of-plane lattice constants. Such
measurement had been carried out for a 500nm uniform layer of Ino.158Gao.842As on
top of a graded buffer with no inverse step and the results were reported in Figure
2-8b. From the measured in-plane lattice constant, it was deduced that the degree
of relaxation was 89.2% for this sample, agreeing well with the value deduced from
the PL measurements. This demonstrated that the elimination of the residual strain
very likely had led to the enhanced PL emission.
It was interesting to compare with the value obtained by Saced6n, about 73%.
The degree of relaxation for our samples was far closer to 1, mainly because of the
difference in techniques to obtain the numbers, but also because the grading rate for
out samples was lower (20%/pm vs. 30%/pm) and the substrate temperature we
used was higher (600"C vs. 5000C).
2.5 Threading Dislocation Density
The only technique to measure the threading dislocation density in this thesis was
the etch pit density method. The etchant was the so-called "AB solutions." The
solution A was a mixture of 8g of chromium trioxide (Cr0 3 ) and 16mL of DI water.
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The solution B was a mixture of 8mL of hydrofluoric acid (HF) with 200mL of DI
water. The two solutions were mixed immediately before the measurements were
carried out, and the samples under etched were illuminated by a fiber lamp with
output power of 150W. Typical etch duration was about 30s.
A typical micrograph taken by a Normaski microscope was shown in Figure
2-9. The etch pits are circled. The layer was a 500nm of uniform layers of
Ino.2Gao.4Al. 4As, on top of a graded buffer with a grading rate of 20%/Pm and was
grown at 600'C. For this particular sample, the etch pit density was 1.0 x 105/cm 2 .
The measured densities varied and as high as 3.0 x 10 5/cm 2 had been observed. No-
tice the very strong striations which mirror the crosshatch patterns.
100 um
Figure 2-9: Etch pit study on sample 0285a. The layer was a 500nm of uniform
layers of InO. 2GaO.4Al. 4As, on top of a graded buffer with a grading rate of 20%/pm.
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The typical dislocation density reported in the literature for mildly graded buffers
(indium fraction < 30%) was less than 10 5/cm 2 . However, it had never been measured
on thick layers of aluminum containing materials, which is more relavent for light
emitting devices. It is well known that the dislocation density decreases when the
grading rate is lowered. It is believed that the etch pit method undercounts the
threading dislocation density when multiple dislocations bunch together and cannot
be resolved by the etching. We did not perform any TEM to confirm our numbers.
This was because the distances between the dislocations were far larger than the
size of the pits, and the density of around 1.0 x 10 5/cm 2 was already at the edge of
detectivity by the plane-view TEM.
2.6 Summary
In this chapter, the effort to optimize the graded buffer growth condition was detailed.
It was observed that high substrate temperature during the graded buffer growth was
essential to obtain strong luminescence from the quantum well structures grown on
top of the graded buffers. However, due to the high growth temperature, indium
incorporation became a strong variable of many factors, and had to be calibrated
empirically. Vastly higher arsenic pressure was also necessary. From AFM mea-
surements, it was observed that very deep trenches developed on top of the graded
buffers as the substrate temperature increased. We also noticed that the quantum
well structures on top of the graded buffers could only be grown properly in a narrow
range of substrate temperatures around 450'C. We supposed that it was caused
by the phase separation of the InGaAs quantum wells. Finally, we observed that it
was necessary for the graded buffer to grade beyond the intended composition of the
uniform layer, in order to induce a certain amount of tensile strain to compensate for
the residue compressive strain of the graded buffer. When all the above factors were
taken into account, we were able to obtain a threading dislocation density at around
1 - 3 x 105/cm 2 for uniform layers of InO. 2Gao.4Al0 .4As.
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Chapter 3
Photoluminescence of the
Aluminum-Free Structures on
Graded Buffers
The beginning phase of this thesis work was carried out on the study of the structures
as shown in Figure 1-3a, which composed entirely of InGaAs. The cladding consisted
of InGaAs layers with the indium fractions less than 20%. The quantum wells were
formed by incorporating additional indium. As a consequence, the quantum wells
were automatically under compressive strain. This is probably the most investigated
structure among all the work in the field of the InGaAs graded buffers. This is
a simple modification on the standard structure with InGaAs quantum wells and
GaAs claddings. One can view the all-InGaAs structures on graded buffer as the
result of adding extra indium uniformly to the standard ones. This structured
had also been studied by Bulsara et al. [29] and by Romanato et al. [56]. The
authors in the latter paper were able to achieve clear room temperature quantum well
photoluminescence by using stacks of 50 quantum wells. We will demonstrate that our
InGaAs materials grown on the graded buffers had reasonably good carrier lifetime.
However, the quantum well structures generally had very poor room temperature
photoluminescence due to the lack of the electron confinement. We will also show
the calculated electron confinement energy as a function of the indium fraction and
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explain the reduction of such energy by the bandgap bowing of InGaAs and the
reduction of the electron mass.
3.1 Low Temperature Photoluminescence
When the growth optimization techniques detailed in Chapter 2 were employed, we
were able to obtain strong photoluminescence from quantum wells grown on the
graded buffers. Figure 3-1 shows the low temperature photoluminescence for a single
7nm InO.3 6Gao.64As quantum well, with 900nm and 100nm InO. 2GaO.8As barriers below
and above the quantum well, respectively. The structure was grown on a graded
buffer terminated with the composition Ino.18Gao.82As. The PL was taken at 19K,
with an incident power of about 100mW. Nearly all the emission came from the
quantum wells, signifying good carrier lifetime in the barrier material. The other
sources of emission were the barrier itself and the weak confinement area at the top
of the graded buffer (see Section 2.2.1), at 1.234 eV and 1.207 eV respectively. They
accounted for less than 1% of the emission.
It is instructive to compare this quantum well with a similar one grown pseudo-
morphically on a GaAs substrate. As is demonstrated in Figure 3-1c, the peak from
the quantum well on graded buffer, centered at 1.118eV was smaller and broader
than that from a 8nm Ino0 17Gao.83As quantum well grown on GaAs, with GaAs bar-
riers around it, centered at 1.366eV. The differences in indium fraction between the
well and the barrier were about the same in the two structures. The peak areas
of the quantum wells on the graded buffer and on GaAs were 1.2 and 1.0 (arbitrary
unit), respectively. The FWHMs were 14.9 and 6.0 meV, respectively. Clearly,
there was no significant change in the total intensity of the low temperature quantum
well photoluminescence when the the wells were grown on the graded buffers under
the optimal condition. The broadening issue of the quantum wells was discussed in
Section 2.3.
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Figure 3-1: Photoluminescence at 19K from a single 7nm Ino.3 6 Gao.6 4As quantum
well with Ino.19Gao.81As barriers grown on a Ino.01 0.21Gao.99 , 0 .79As graded buffer,
in linear (a) and log (b) scales. The emission from this quantum well, centered
at 1.118eV, is compared with that from a 8nm InO.17Gao.83As quantum well grown
pseudomorphically on GaAs, with GaAs barriers around it, centered at 1.366eV, (c).
The sample IDs are 0043 and 0088.
57
0.08-
0.06-
0.04-
0.02-
0.00-
-2 1WX1 I
N!
-i
3.2 Room Temperature Photoluminescence
Unforturnately, there was practically no room temperature photoluminescence from
the quantum wells grown on the Ino.0 1 0.*2 1Gao.9 9 0,. 79 As graded buffers, even with
very high excitation intensity, as seen in Figure 3-2a. Only very week emission from
the barriers was detected. This should be compared with the quantum well grown
pseudomorphically on GaAs, Figure 3-2b, from which the quantum well photolumi-
nescence could still be clearly observed at room temperature. It has to be noted
that the spectra in Figures 3-1 and 3-2 were taken in two different PL systems with
very different excitation powers, and the intensities from the two graphs cannot be
compared.
The lack of room temperature photoluminescence can be explained by Figure 3-
2c, which shows the low temperature photoluminescence of the same structure under
various excitation powers. The spectrum evolved from one with a single peak to one
with two pairs of double peaks. The intensity of the quantum well Peak (1) failed
to scale with the applied power. Instead, a very broad peak developed at an energy
about 27 meV higher. As the energy further increased, a separated pair of peaks,
centered at 1.205 and 1.232 eV appeared, related to the barrier emission.
These peaks can be referenced to the band diagram of the structure, Figure 3-
2d, the computation of which is described in Appendix C. Due to the small electron
confinement in the quantum well conduction band, there was severe carrier backfilling
into the barrier conduction band when the incident power was high. The Peak (2)
in Figure 3-2c could then be explained by the recombination of the electrons from
the barriers to the holes in the quantum well. The broadness of the Peak (2) could
be explained by the composition variations in both the well and the barriers, which
effectively reduced the electron confinement even more. Defect levels in the barrier
close to conduction band edge, which often contribute long-wavelength "tails" to the
emission spectra of pseudomorphically grown bulk materials, could be another reason
for the broadness. The poor room temperature luminescence was obviously due to
the weakness of the electron confinement, rendering the quantum well susceptible to
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Figure 3-2: The room temperature photoluminescence from the quantum wells on
Ino.o0 _. 21Gao.*g9 o. 79As graded buffer (a) and GaAs (b), both with 800 mW excitation
powers. The low temperature PL, taken at 9K, from the quantum well on a graded
buffer under various excitation intensities is shown in (c) and the computed band
diagram of the corresponding structure at low temperature is shown in (d). The
sample IDs are 0043 and 0088.
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thermal leakage of the carriers into the barriers and the shallow defect levels.
There are two alternative explanations to the pairs of peaks above 1.2 eV. The
Peak (4) corresponded to the band-to-band recombination in the barrier. Peak (3)
was observed to be 27 meV less than Peak (4), and could then be explained by the
recombination between the electrons from the well to the holes from the barriers. This
was rather unlikely due to the very strong confinement with holes in the quantum
well. Another explanation for the peak (c) is due to the small confinement region
created by the inverse step between the graded buffer and the barrier, Transition (3')
in Figure 3-2d. Coincidently, the bandgap energy at the top of the graded buffer
was also calculated to be 1.204eV, fitting well with the energy of Peak (3) in Figure
3-2c. So, the moderately strong Peak (3) was either related to the recombination
around the well or the inverse step. There was little emission from the bulk InGaAs
material of the barriers, even with very high excitation power. This testifies to
the long carrier lifetime in the barrier. One can then conclude that the poor room
temperature photoluminescence in this case was caused mostly by the poor electron
confinement, but less by the deep levels related to the dislocations.
The barrier bandgap can be increased by using a barrier with less indium. Figure
3-3a shows the room temperature PL from a structure with similar design as Figure
1-3a, but in which the barriers consisted of In 0.1 Ga 0.9As layers instead. The graded
buffer underneath was Ino.oi-o.1 1 Gao.99 .89 As. The quantum well peak at 1.090eV
could be clearly resolved, but the carrier lifetime in the bulk materials was still very
poor, as evident from the large peak at 1.281eV, which correspond to the band-to-
band recombination in the barriers. This can be compared with Figure 3-2b. The
low temperature photoluminescence of this sample also had a 30 times reduction of
intensity from the previous sample, Figure 3-3b. As we will discuss in Chapter 5,
the very large compressive strain of the quantum well was most likely the reason for
the poor photoluminescence at low temperature. Despite the poor material quality,
however, the room temperature quantum well emission was vastly improved with the
presence of a larger electron confinement energy.
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Figure 3-3: The room temperature (a) and 19K (b) photoluminescence from a
single 7nm InO.3 6 GaO.6 4As quantum well with InO. 1 0GaO.9 OAs barriers grown on a
Ino.oio.11 Gao.99 ,.8 9 As graded buffer. The excitation power was 800mW for (a)
and 100mW for (b) and the two plots were obtained from different PL setups. The
sample ID is 0142.
3.3 Electron Confinement Energies of the InGaAs
Materials
The electron confinement energy can be shown to decrease quickly when the indium
fractions in the barriers and the well were raised by equal amount. In Figure 3-
4a, the calculated electron confinement energies in 7nm Inx+o.i 6Gao.s4-xAs quantum
wells with InxGaixAs barriers are plotted as a function of x, at both 10K and room
temperature. The details of the calculation, and the values and the sources of the
parameters employed in the model, are discussed in Appendix C. All the quantum
wells in the simulation were under the same strain state, because the differences in
the indium fraction between the wells and the barriers were kept constant. At 10K,
the electron confinement energies drop from 42 meV to 27 meV when the indium
fraction of the barriers rose from 0 to 0.2. At room temperature, it drops from 33
meV to 21 meV, which is less than the thermal activation energy. There are two
contributions to the decrease: the reduction of the electron mass and the bandgap
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bowing. The electron mass, mc, follows
mc = 0.067 - 0.0603x + 0.0163X2,
and the room temperature InGaAs bandgap, Eg, can be represented by
E,
dEg
dx
= 1.425 - 1.501x + 0.4362
= -(1.501 - 0.872x)
where x is the indium fraction . From these equations, one can conclude that both the
electron mass and difference in bandgap between two fixed indium fractions decrease
as the indium fraction increases. The former raises the electron energy level in the
well and the latter reduces the depth of the electron well. There also seems to be an
addition reduction in the electron confinement energy as the temperature increases.
0.05 0.1 0.15
Indium Fraction
02 0.25 0.3
Figure 3-4: The calculated electron confinement energies in 7nm In,+o.i6Gao. 4 _xAs
quantum wells with InxGai-xAs barriers plotted as a function of x, at both 10K and
the room temperature.
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3.4 Summary
We studied the aluminum-free InGaAs structures grown on InGaAs graded buffers
with both low and room temperature photoluminescence. We demonstrated that
despite the reasonably good carrier lifetime of the InGaAs materials grown on the
graded buffers, the quantum well structures generally had very poor room temper-
ature photoluminescence due to the lack of the electron confinement. The lack of
electron confinement was so acute that it completely overrode the material quality
issue. We also showed the calculated electron confinement energy as a function of the
indium fraction and explained the reduction of such energy by the bandgap bowing
of InGaAs and the reduction of the electron mass.
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Chapter 4
Ex-situ Annealing of the InGaAlAs
Structures
The poor electron confinement in the InGaAs quantum well with InGaAs barriers as
demonstrated in Chapter 3 can of course be remediated by the addition of aluminum
to the barriers. However, as explained in Section 2.3, the barriers had to be grown
with a reduced substrate temperature, which is not usually appropriate for the growth
of aluminum-containing layers. When such layers are grown at low temperature, a
significant amount of point defect related deep levels forms and carrier lifetimes are
greatly reduced, leading to poor luminescence [70]. Figure 4-1 shows an example
with a 7nm InO.2 GaO.8As quantum well surrounded by InO.2GaO.4Al0 .4As barriers. The
quantum well and the barriers were grown at 450'C and 500'C, respectively.
The barrier emission peak at around 1.72 eV can be clearly seen in Figure 4-
la. Since the non-radiative lifetime at room temperature is much shorter than
the radiative one, a small, visible barrier peak implies an immense amount of non-
radiative recombination. This could be verified by the low temperature PL, which
shows that emission from the barriers was 6.8 times that from the quantum well,
signifying a very poor carrier lifetime in the barriers. As a consequence, most carriers
generated by the PL laser in the barriers could not reach the quantum well. The much
enhanced emission from the barriers at low temperature was due to the significant
suppression of the non-radiative recombination at low temperature, mainly due to
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Figure 4-1: Photoluminescence of a 7nm InO.2 GaO.8 As quantum well with
InO.2 GaO.4 Al. 4 As barriers before ex-situ annealing, taken at the room temperature
(a) and 10K (b). The sample ID is 0130-noann.
the lack of phonons [71].
In order to overcome this undesirable consequence of the low temperature growth,
we experimented with the use of ex-situ thermal annealing to repair the structures.
We found that the use of the ex-situ thermal annealing technique could yield drastic
improvement in the photoluminescence of the aluminum-containing quantum well
structures grown on the graded buffers. Unlike what had been reported in the
literature, the annealing of our samples likely involved two processes operating at two
different temperature ranges. We will demonstrate the existence of such a process,
which did not involve the quantum well, by annealing a diode structure and observing
a huge increase in the reverse-biased breakdown voltage. We will also demonstrate
that further improvement can be achieved by annealing at lower temperature for an
extended period of time. Finally, we will show that different unstrained quantum
well structures grown on the graded buffers can yield photoluminescence as good as,
and sometimes even better than, that from the pseudomorphically grown quantum
wells on GaAs.
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4.1 Thermal Annealing of the 111-V Materials : A
Review
Ex-situ thermal annealing is widely applied to activate dopants and recover carrier
mobilities after implantation, for both silicon [72, 73] and III-V materials [74, 75].
The annealing can be done in a high temperature furnace or under the illumination
of a high power halogen lamp. The former method provides longer annealing times
and the latter one provides better uniformity and the possibility of rapid thermal
annealing.
It is also known that when non-optimal growth conditions have to be used in the
MBE growth and poor emission due to point defects occurs, it is possible to repair the
materials by thermal annealing. Weisbuch et al. reported an enhancement in photo-
luminescence by up to 12 times for their GaAs/AlGaAs multiquantum-well samples
grown at about 1000C below the optimal growth temperature, by annealing them for
4 hours at 7500C under arsenic pressure inside their MBE chamber [76]. For those
samples grown under optimal conditions, the annealing caused slight degradation in
the luminescence.
Offsey et al. demonstrated a similar effect with ex-situ rapid thermal annealing for
InGaAs quantum wells with GaAs barriers grown at various substrate temperatures
[77]. The annealing time and the optimal annealing temperatures were 15s and 800 -
900 0C, respectively. There was practically no benefit in annealing for those samples
grown at the optimal substrate temperature of 5000C. The lower the substrate
temperatures of the samples, the more the photoluminescence was enhanced by the
annealing. Moreover, the samples grown at 3500C experienced a large shift in peak
emission wavelength and increase in the linewidths, most likely due to the presence
of a high density of point defects when grown at the very low temperature.
Yamada reported a factor of 80 in the increase in the photoluminescence intensity
and a factor of 7 reduction in the laser threshold currents with the annealing of their
quantum wells twice at 90000 for 10s [78]. With the use of deep level transient
spectroscopy (DLTS), they confirmed that the annealing did not act on the claddings
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or the barrier parts of the lasers. They suggested that the rapid thermal annealing
repaired the interfaces between the InGaAs quantum wells and their barriers. They
also observed an elimination of the very long switch-on delay of more than 100ns in
their annealed lasers.
Various degrees of inter-diffusion between the indium and gallium atoms was al-
ways observed in the annealing experiments, causing a peak wavelength blue-shift of
about 20nm [78, 79, 80]. The wavelength shift could be exacerbated in the presence
of SiO 2 encapsulation [81], which was explained by the enhanced inter-diffusion en-
abled by the in-diffused oxygen atoms [82]. Finally, rapid thermal annealing of even
very short durations could trigger immediate relaxation of the metastable strained
InGaAs layers grown beyond their critical thicknesses [83].
More recently, thermal annealing is also being applied extensively to lasers with
GaInNAs quantum wells, which are typically annealed at around 750'C for 30 minutes
[7]. The luminescence can be enhanced by as much as 100 times. However, this
material system also experiences significantly more emission wavelength shift upon
annealing, by about 100nm, due mainly to the out diffusion of nitrogen atoms.
Taking into account the published results mentioned above, annealing was most
benefitial to samples containing indium. Non-indium containing samples must be
annealed for extended periods in order to observe any improvement, and the magni-
tude of the enhancement was significantly less than that for the indium containing
ones. This can probably be explained by the weaker bond of In-As than Ga-As or
Al-As, which permits easier atomic motion in the indium-containing crystals. The
bond strengths of various binary compound semiconductors can be inferred by the
following ways. According to Seki et al. [84], the Gibbs free energy of formation of
a binary III-V compound in MOCVD can be calculated by AG" = -RT In K, where
K is the equilibrium constant of the following reaction:
III(g) + I V(g) -A> III - V(alloy).4
The equilibrium constants of various binary semiconductors at any temperature, ob-
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tained from the references of Ref. [84], follow the following order:
AlP > AlAs > GaP & GaAs > GaSb > InAs > InP B InSb.
It is very obvious that the aluminum containing bianary alloys have larger formation
energies than the gallium ones, which have, in turn, larger formation energies than
the indium ones. The same information can also be extracted from the bulk moduli
and the optical phonon frequencies of the semiconductors; both are good indicators
of the bond strengths. They are listed in Table 4.1:
Bulk Modulus [10" dyn cm-2 ] LO Phonon [10 12 Hz] TO Phonon [10 1 2 Hz]
AlAs 7.81 11.8 10.8
GaAs 7.53 8.55 8.02
InAs 5.80 7.01 6.44
Table 4.1: Bulk moduli, longitudinal (LO) and tranverse (TO) optical phonon fre-
quencies of AlAs, GaAs and InAs. The values were obtained from [851.
4.2 Rapid Thermal Annealing of the InGaAlAs
Structures
A sample with a structure shown in Figure 1-3b was cleaved up into small pieces,
about 5mm x 5mm each. Each was annealed for 5s with the Heatpulse 410 Rapid
Thermal Annealer, which was equipped with two banks of lamps, one above and one
below a quartz tray for sample placement, and could be operated between 4000C
and 1150'C. The annealing chamber was flooded with dry nitrogen at all times.
The nominal ramp-up and ramp-down rates in our experiments were 100C/mirn and
1500C/min, respectively. The results are summarized in Figure 4-2a, which shows
the room temperature photoluminescence of the samples after annealing.
The PL intensities improved gradually as the annealing temperature increased, fol-
lowed by a sharp improvement when the annealing temperature reached 7500C. The
69
4. 4-
3. 3- Quantum well
emission
30X
0 M 0 ._ _ __,_ _,_ __ 
0 600 650 700 750 800 850 1.2 1.4 1.6 1.8
Annealing Temperature [t] Energy [eV](a) (b)
Figure 4-2: The peak intensities of the room temperature photoluminescence of the
annealed samples were plotted against the annealing temperatures in (a). The an-
nealing duration was 5s. (b) shows the PL spectrum from the sample which was
annealed at 800"C. Notice the apparent lack of any room temperature emission from
the barriers, as compared to Figure 4-la. The ID of the annealed sample is 0130.
optimal annealing temperature was around 800'C, beyond which severe degradation
occurred. The PL intensity was improved by a factor of 30 times for this sample.
The annealing was also able to suppress the barrier emission to an undetectable level
at room temperature.
In order to further understand the annealing process, low temperature photolu-
minescence, taken at 19K, was performed on the same set of samples. As explained
in the last chapter, the barrier emission is much more significant at low temperature,
and its intensity is a sensitive probe of to the carrier lifetime in the barriers. The
results are summarized in Figure 4-3.
The correlation between the quantum well PL intensities and the annealing tem-
perature mirrored that measured at room temperature. However, it was surprising
that the minimum in the barrier emission, which occurred at an annealing tempera-
ture of about 7001C, did not align with the maximum in the quantum well emission,
which occurred at about 825'C. The optimal annealing temperature for the quan-
tum well emission was also remarkably similar to the reported values. The dominant
emission peak switched from the barrier one to the quantum well one, and then back
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Figure 4-3: The peak intensities of the photoluminescence of the annealed samples,
taken at 19K were plotted against the annealing temperatures in (a). The PL spectra
from the samples which was not annealed, and were annealed at 7000C, 8000C and
8500C were shown at (b)-(e), respectively. Notice how the dominant peak switched
from the barrier one to the quantum well one, and then back. The ID of the annealed
sample is 0130.
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again when the annealing temperature was too high.
This observation can be explained by the presence of two mechanisms in the an-
nealing process. The aluminum containing barriers were being repaired up to a
temperature of 700'C, which explained the drop in the barrier emission and the mild
increase in the quantum well one. As the carrier lifetime in the barrier increased,
more electron-hole pairs reached the quantum well regions, but also more of them
recombined non-radiatively at the deep levels related to the defects around the quan-
tum well. This explained the net drop in total photoluminescence, from both the
quantum well and the barriers together, after an annealing of 7000 C. The defects
related to the quantum wells were removed at around 8000C, which yielded sharp
increase in the photoluminescence. However, this temperature was also high enough
to induce point defects in the barriers, causing the higher barrier emission at this
annealing temperature. Beyond 8250 C, the quantum well structures were destroyed.
It is also interesting to notice that the annealing seemed to have only negative
impact on the structures without any aluminum, Figure 4-4.
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Figure 4-4: Annealing experiments performed on 7nm Ino.36Gao.6 4As quantum wells
with Ino.19Gao.81As barriers grown on a Ino. 01_0. 21Gao.99 ,. 79As graded buffers. The
photoluminescence was carried out at 19K. The sample ID is 0108.
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4.3 Rapid Thermal Annealing of a InGaAlAs Diode
Structure
In order to show that there existed in our annealing experiments an extra process
that only involved the InGaAlAs barrier but not the quantum wells, an InGaAlAs
diode structure was grown, annealed, processed, and the reverse biased breakdown
voltages of the diodes were measured. The layer structure and the I-V characteristics
of the of the diodes, for both annealed and unannealed ones, are shown in Figure 4-5.
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Figure 4-5: The layer structure (a) and the I-V characteristics (b) of the of the
InO.1 5Gao.45Alo.4OAs diodes. The sample ID of the diode is 0285b.
The diode structure consisted of various Ino.15Gao.45 Al0.4OAs layers, the p-n junc-
tion of which was formed by a heavily beryllium-doped layer with p = 10 19cm- 3 and
a 500nm, lightly silicon-doped one with n = 5 x 101 6cm-3. The diode mesas were
fabricated by first forming square gold-zinc contacts on the top of the sample with a
life-off process. The sizes of the squares were 601Lm x 60pum, 110pum x 110pm and
210pm x 210pm. The contacts were subsequently used as etch masks to form the
square mesas. The etchant was H 3P04 : H 20 2 : H 2 0 with the ratio 1:1:10. The
etch rate was about 0.5pm/mirn and the etch depth was 0.7pm. Finally, a gold-
germanium contact was formed over the backside of the sample, and all the contacts
was activated by rapid thermal annealing the sample at 4000 C for 6s.
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Without the post-growth ex-situ annealing, the diodes experienced breakdown im-
mediately upon the application of a reverse bias, very likely due to tunneling through
the mid-gap levels. When the sample was annealed, a reverse biased breakdown volt-
age of 23V was observed. Moreover, the forward-biased currents were found to scale
with the mesa areas, so, the currents contributed by the surfaces were insignificant.
This breakdown voltage, VB, could be explained by the avalanche breakdown
process, [86]:
VB ~ 60(E )3/2(1 ND -3/4X P V61.1 1016
( )(2- ), for W<Wm;
fPT
for W > Wm.
The "punch-through" correction, fPT was necessary because the thickness of the
lightly n-doped layer, W, was only 500nm, and the breakdown occurred earlier when
the depletion reached the n-n+ junction. The room temperature bandgap energy was
measured by the photoluminescence to be about 1.72eV. The nominal donor doping
level, ND, was 5 x 10 16 cm- 3. Wm could be calculated by
268 Vb i
Wm = cmqNA
qkT NAND
ni = y/NcNexp[-Eg/2kT] cm 3
Nc,v = 2.51 x 1 019 (me6 V) 3 / 2 c- 3
where the permeability of the material e, ~ 13 x co, the acceptor concentration
NA = 10 19 cn-3, and the density-of-state electron and hole masses, me and mv,
were 0.094mo and 0.29mo, respectively. Here, the density-of-state hole mass was
dominated by the heavy hole mass, and the value of which was used instead.
The voltage had to be calculated numerically. The calculated breakdown voltage
turned out to be 23V if one assumed the real donor concentration in the lightly doped
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500nm layer was 8 x 10' 6cm- 3 , not far from the nominal value of 5 x 10 16 cm-3. This
is reasonable if one takes into account into the fact that doping levels are hard to be
calibrated precisely in general, and the harder the lower the concentrations.
4.4 Extended Annealing at Reduced Temperature
It was possible that the drastic improvement of the quantum wells and the slight
degradation of the barrier at 800 C could be related. This is because the restructuring
of the quantum wells might have involved a large amount of atomic motion, which
would be impossible unless there were copious numbers of point defects around. Such
point defects could be made available by slightly degrading the barriers at the elevated
temperature. In other words, the recovery of the quantum well might have been rate-
limited.
Extending the 800 0C annealing process beyond 10s simply destroyed the struc-
tures, and there was no significant improvement by extending the duration from 5s
to 10s. Instead, samples were annealed at the optimal temperature for the barriers,
at around 700 0C, for extended periods of time, the results of which are demonstrated
in Figure 4-6. It was obvious that the use of an extended duration of lower tem-
perature annealing was far superior to the use of rapid thermal annealing at elevated
temperatures. The barrier emission at low temperature was also mostly eliminated.
An annealing at 700 0C for an prolonged period of time under arsenic pressure
inside the MBE, as was done in [76], was found to be ineffective to recover the material
quality. Moreover, in order to achieve the luminescence enhancement and preserve
the mirror-like surfaces, it was necessary to cover the sample surfaces with wafers
that would preferentially release arsenic. This was done by using sacrificial wafers
with InGaAs surface epitaxial layers, with the indium fraction higher than those in
the annealed samples. The ease of arsenic dissociation from InGaAs with large
indium fraction is evident from the fact that in MBE, as the indium fraction of the
InGaAs layers increases, the 2 x 4 <-+ 4 x 2 transitions occur at progressively lower
temperatures, or at larger arsenic over-pressure if the substrate temperature is kept
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Figure 4-6: (a) Comparison between the rapid thermal annealing at 800'C for 5s,
with 700'C annealing for different extended durations. (b) The low temperature
photoluminescence of the sample annealed at 700'C for 20 minutes. Notice the lack
of emission from the barriers when compare with Figure 4-3d. The ID of the annealed
sample is 0300c.
constant (see Section 2-4). Finally, it had been noted that the electronic properties
and microstructure of III-V materials could be varied over a large range by thermal
annealing under different arsenic pressure, even if the active regions were far from
the surfaces [87]. However, the precise mechanism responsible for the luminescence
improvement in our structures was not understood.
To conclude this section, we will show that different unstrained quantum well
structures grown on the graded buffers under the optimal grown condition discussed
in the last chapter and annealed at 7000C for 15-20 minutes can yield room temper-
ature photoluminescence as good as, and sometimes even better than, that from the
pseudomorphically grown quantum wells on GaAs. The results are summarized in
Figure 4-7.
All the samples in the diagram were grown within 2 weeks, in the same MBE
growth session (between two vents), and the photoluminescence of them were per-
formed in tandem. It has to be emphasized that the comparison was only possible
with the use of large bandgap barriers and very deep quantum wells. This eliminated
carrier confinement from being an issue.
The two leftmost points correspond to the quantum wells grown pseudomorphi-
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Figure 4-7: Comparison of various quantum well structures grown metamorphically on
graded buffers, and grown pseudomorphically on GaAs substrates. The thicknesses
of all the quantum wells were about 7nm. Each dot represented one sample, the
quantum well / barrier compositions of which were shown next to it. The sample
IDs, starting from the lower left, are 0294d, 0294e, 300i, 300c, 300g, and 300h.
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cally grown on GaAs substrates. Their difference in luminescence agreed with the
discussion in Section 4.1. The other quantum well structures were grown on graded
buffers, all graded with the same rate at about 20%/pm. It was found that the
7nm quantum wells of Ino.2Gao.8As (pseudomorphic), Ino. 1Gao.gAs and InO. 15Gao.85As
had comparable luminescence. The results showed that, for the samples with small
amount of grading, once the electron confinement energies in the quantum wells were
large enough, and the barriers had sufficiently long carrier lifetimes, the room tem-
perature quantum well photoluminescence strengths are independent of the presence
of the graded buffers in the structures.
The luminescence of the quantum well structures on the graded buffers termi-
nated with the compositions InO. 2Gao.8 As and Ino.25 Gao0 7 5As dropped sharply from
the other samples. The reason for the deterioration could be excessive dislocation
density caused by the extra amount of grading. However, we will establish that the
degradation was more likely triggered by the roughness related to the crosshatches.
4.5 Summary
Reduced temperature growth of the aluminum containing layers significantly degraded
their carrier lifetime. In order to overcome this problem, we experimented with the
use of ex-situ thermal annealing to repair the structures. We found that the use
of the ex-situ thermal annealing technique could yield drastic improvement in the
photoluminescence of the aluminum-containing quantum well structures grown on
the graded buffers. Unlike what had been reported in the literature, the annealing
of our samples likely involved two processes operating at two different temperature
ranges. We demonstrated the existence of such a process, which did not involve the
quantum well, by annealing a diode structure and observing a huge increase in the
reverse-biased breakdown voltage. We also demonstrated that further improvement
could be achieved by annealing at lower temperature for an extended period of time.
Finally, we showed with different unstrained quantum well structures grown on the
graded buffers that the use of the graded buffers did not necessarily compromise the
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luminescence strength of the quantum wells. We will show, in the next chapter, that
the roughness due to the crosshatches could significantly degrade the material quality
and prohibit the introduction of strain into the quantum wells.
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Chapter 5
Strained InGaAs Quantum Wells
on the Graded Buffers
In the last chapter, we demonstrated the possibility of obtaining excellent lumines-
cence from the unstrained quantum wells grown on the graded buffers. However,
the emission was significantly weakened when indium composition at the top of the
graded buffers reached 20%. In this chapter, we will demonstrate the severe degra-
dation of these quantum wells when either tensile or compressive strain was intro-
duced. The amount of the degradation was commensurate with the magnitudes of
the strain in the quantum wells, and no threshold was observed for this degradation
process. By employing several know schemes to suppress the surface roughness, it
was possible to restore, to a small degree, the luminescence. By using a non-uniform
growth temperature during the growth of the graded buffers, rather than a uniformly
high temperature as discussed in Section 2.2.1, further enhancement was able to be
achieved. Finally, we will demonstrate that the compressively strained InGaAs quan-
tum wells experienced wavelength shift up to 20nm after being annealed at 700'C for
15 minutes. However, the tensile strain GaAs qauntum well, with identical graded
buffer and barrier structure, experienced no wavelength shift at all.
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5.1 Degradation of the Strained InGaAs Quantum
Wells
To further extend the emission wavelength from the quantum wells on graded buffers,
it is necessary to introduce as much indium into them as possible, rendering them
compressively strained. The compressive strain is also essential to suppress the dark-
line defect propagation during the laser operation [40, 41]. Normally, no degradation
occurs until the critical thickness is reached, at which point the strain energy stored
in the quantum well layer exceeds the amount necessary to form misfit dislocations.
Alternatively, if the thickness is fixed, there exists a critical strain beyond which
degradation occurs.
In principle, the critical thickness or critical strain of an In,±yGa_,As quan-
tum well surrounded by the In GaAlAs barriers should depend strongly on x but
only very weakly on y. This is because the relaxed lattice constants of the InGaAs
alloys are considered to be an exactly linear function of the indium fraction [88]. The
elastic constants used in the calculations, however, are only weakly dependant on y.
With the calculation suggested in [3], the Matthews-Blakeslee critical thickness of an
InO.3 Gao.7As quantum well with InO*15Gao.45Alo.40As barriers is 12.5nm, while that for
an Ino.35Gao.65 As quantum well with Ino.2Gao.4Alo.4As barriers is 12.7nm. Alterna-
tively, the "critical compositions" for the 7nm quantum wells with InO.1 5Gao.45Al 40As
and InO. 2GaO. 4 Al0 4 As barriers are InO.39 Gao.6 1 As and Ino.45 Gao.55As, respectively.
Barrier InYA10.4Gao.6-y As I00nm
QW In x+y Gai-.-yAs 7mn
Barrier In YA10.4Gao.6-y As 500nm
Graded Buffer 1Im
GaAs Substrate
Figure 5-1: InGaAs quantum well with the indium composition varied from 0% to
y + 15%, where y was the indium fraction of the InGaAlAs barrier.
In reality, the quantum well photoluminescence on the graded buffers started to
82
degrade as long as there is a small amount of strain, tensile or compressive present
in the quantum wells. The structures shown in Figure 5-1, with y = 0.15, were
studied. The graded buffers were grown at 600 0C and the barriers at about 500 0 C.
One minute before the growth of the quantum wells the substrate temperature was
ramped to 450'C. Immediately afterwards, the substrate temperature was ramped
back to 5000C. The graded buffers were graded to a composition with 17.3% indium,
with a grading rate of 20%In/min, and then the indium fraction stepped back to 15%
during the growth of the barriers. The samples were then ex-situ annealed at 7000C
for 15 minutes, except the sample with tensile strained GaAs quantum well, which
unexpectedly showed a maximum in luminescence after 10 minutes of annealing.
With x varied from -15% to +15%, the room temperature photoluminescence of
these structures are shown in Figure 5-2. For the two extreme cases, the integrated
intensities dropped by 30 times from the unstrained sample.
5.2 Suppression of the Surface Roughness
It has to be emphasized that all the quantum wells mentioned in Section 5.1 were
well within the critical thicknesses/critical strains as mentioned above. There was
also an apparent lack of a threshold for this degradation process. The degradation
was also not likely caused by the threading dislocations from the graded buffers, as
all the structures in Figure 5-2were identical except for the quantum wells. If the
degradation was not related to the Matthews-Blakeslee process nor to an excessive
dislocation density, then an alternative explanation could lie in the growth front
undulation/inhomogeneous residual strain induced by the graded buffers underneath.
There are various methods to reduce the impact of the graded buffers. The most
direct way is to reduce the grading rate of the graded buffers. As demonstrated
by Fitzgerald et al., the amount of crosshatches developed during the growth of the
graded buffers has strong dependence on the grading rate [521.
Another common method to suppress roughness during the MBE growth is by the
use of superlattices, particularly the use of strained compensated superlattices. It
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Figure 5-2: (a) The room temperature photoluminescence of various strained quantum
wells grown on the graded buffers. The quantum well compositions are listed next to
the curves. All the barriers had the composition InO 15Gao45Al. 40As. All the curves,
except the bottom one, are shifted vertically to enhance clarity. (b) The integrated
intensities vs. the indium compositions of the wells from (a). The sample IDs are
0300a, 0300c, 0300j and 0300d.
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is well known that the low temperature mobilities of the current channels in HEMTs
are severely reduced, when they are grown above thick AlGaAs layers (the inverted
structures), due to the higher roughness inherited in growing thick layers of AlGaAs
alloys on GaAs [891. This problem was overcome by growing GaAs/AlAs thin layer
superlattice spacers between the AlGaAs layers and the electron channels [90, 91].
The impact of slower grading rate and the incorporation of a 20 period thin layer
GaAs/Ino. 27A10 .73As superlattice are shown in Figure 5-3, by comparing the room
temperature photoluminescence of these structures with that from sample 0300d (see
Figure 5-2); all of the samples had 7nm Ino.3Gao.7As quantum wells surrounded by
Ino15Gao45 A1o 4OAs barriers. All the structures experienced 15 minutes of ex-situ
annealing at 700'C. The detail schematic layer structures are also shown in Figure
5-3. The grading rate for these samples were 10%/pm. The superlattice of Figure
5-3c was designed such that the strains were balanced, and the net strain should have
been zero. This combination of materials was chosen because:
e GaAs, being tensile on the InGaAs graded buffers, was found to yield extremely
flat surfaces as demonstrated by very bright and streaky RHEED patterns,
typically after about 30s of growth interruption. So, a 30s growth interruption
was present following the growth of the GaAs layers.
* The growth front of a compressively strained layer can develope large ripples
when grown on top of the graded buffers, as demonstrated in [651. If the buckled
layers are stacked upon each other, the 3D growth mode can be switched on.
The compressively strained layers in our structure were composed of InAlAs,
rather than InGaAs, to harness its resistance against growth front rippling, due
to the low surface mobility of the aluminum adatoms.
Both the use of a slower grading rate and the insertion of a superlattice could
enhance the photoluminescence by more than 100%. However, significantly longer
growth was also necessary. In the case with the superlattice, exact flux calibration
for the group-III element was crucial. A larger effect was observed if a 5nm tensile
strained GaAs layer and a 30s growth interruption were inserted immediately before
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Figure 5-3: Various attempts to reduce roughness on the surface. The structures are
listed on the right hand side. (a) InO. 3Ga0 7As quantum well with InO 15Gao.45A10.4oAs
barrier. Same structure from Figure 5-2. (b) The grading rate was reduced by half, at
10%/pm. (c) The grading rate was 10%/pm, plus a 20-period GaAs/Ino. 27A 0.73As
superlattice between the buffer and the quantum well structure. (d) Same as (a)
except an extra 5nm GaAs layer and a 30s growth interruption before the quantum
well. The sample IDs are 0300d, 0304b, 0303a and 0304c.
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the quantum well, without the use of slower grading rate or superlattices, as shown
in Figure 5-3, structure (d). In any case, while large enhancements were observed,
the photoluminescence was still far short of that from the unstrained quantum well.
5.3 Reduced Substrate Temperature for the Graded
Buffers
In Section 2.2.4, it was demonstrated that the amount of crosshatches can also be
reduced by using a lower substrate temperature. We also reported the argument of
Samonji et al. [64] that crosshatched surfaces can become rougher at high substrate
temperature or if the epitaxial materials are rich in indium, due to the larger lattice
constant of InAs than GaAs, and the higher surface mobility of the indium adatoms
than the Ga ones. However, a uniformly low graded buffer substrate temperature
was also found to be detrimental to the quantum well structures above, as shown
in Section 2.2.1. We attempted a possible solution of starting the graded buffer
growth at high temperature, and lowering the temperature as the indium fraction of
the graded buffer increased. The result is shown in Figure 5-4.
Two samples were grown in tandem. The graded buffer substrate temperature of
one of the samples was set uniformly at 600'C. For another one, it was 600'C when
the indium fraction rose from 1% to 10%. From 10% to 20%, the substrate tempera-
ture decreased linearly from 600'C to 450"C. The grading rate was 20%/Pm for both
samples. The structures above the graded buffers were identical, both consisted of
an unstrained 7nm quantum well of InO. 2 Gao.8As surrounded by the In 0.2Gao.4Alo.4As
barriers. Both samples were then annealed together at 7000C for 15 minutes. An
enormous enhancement of 8 times in room temperature photoluminescence was ob-
served for the sample with non-uniform substrate temperature. This result can be
compared with the others from Figure 4-7, reproduced here in Figure 5-4c.
Finally, Figure 5-5 shows the room temperature photoluminescence from the dif-
ferent quantum well structures grown on graded buffers with non-uniform substrate
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Figure 5-4: (a) The substrate temperature schemes during the growth of the graded
buffers: (i) uniformly at 600"C and (ii) 600'C for the first half and 600"C -+ 450'C
for the second half . (b) Room temperature photoluminescence from the unstrained
Ino.2Gao.8As quantum wells with the Ino.2Gao.4Alo.4As barriers, grown on graded
buffers with the two schemes in (a). (c) Significant improvement of the unstrained
quantum well on Ino. 01 , 0.22Gao.99 , 0.78As graded buffer, as compared with Figure 4-7.
The sample IDs in (b) are 0300g and 0324f.
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temperatures. For the structures with the In 0.15 Gao.45A1o4oAs barriers, Figure 5-5a
and b, the substrate temperature was 600'C when the indium fraction rose from 1%
to 10%. From 10% to 15%, the substrate temperature decreased linearly from 600'C
to 500'C. For the structures with the Ino.2Gao4A10.4As barriers, Figure 5-5c and d,
the substrate temperature followed curve (ii) in Figure 5-4a. The grading rate was
20%/pm for all samples. For the samples with compressively strained quantum wells,
5nm GaAs tensile strained layers and 30s growth interruptions were inserted before
the growth of the quantum wells. For the samples with tensile strained quantum
wells, 30s growth interruptions were inserted after the growth of the quantum wells,
but there was no strain-compensating layer.
It was encouraging to notice that for the structures with the Ino.15 Ga0 .45Al0.40As
barriers and compressively strained quantum wells, the photoluminescence was sig-
nificantly improved. As for the structures with the In 0 .2Ga 0 .4Al1. 4 As barriers, the
sharp roll-off of luminescence was still very prominent. So, we had managed to delay
the degradation, but did not eliminate the problem.
As mentioned in Section 4.1, the In-As bond energy is lower than that between
GaAs. So, the gliding motion of the misfit segments should be lowered with more
indium in the alloy. On the other hand, as discussed in Section 2.2.4, the roughening
would be worsened at high energy if it is caused by the high indium adatom mobility
as proposed by Samonji et al. in [64]. So, with higher indium fraction in the graded
buffers, the optimal temperature should be lowered in such a way that no excessive
amount of dislocation is generated. In summary, it is not unreasonable to believe
that, with proper study on an optimal substrate temperature scheme for the growth
of the graded buffers, with slow grading rate, and with strain compensating layers for
the quantum wells, it is possible to suppress the roughness further until the graded
buffers are graded to an even higher indium fractions.
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Figure 5-5: (a) The room temperature photoluminescence of various quantum wells
with 1no.15 Gao.45AlO.40As barriers grown on the Ino.oio. 17 Gao.99- 0 .83As graded buffers
with non-uniform substrate temperatures. The quantum wells with compressive
strain also had 5nm tensile strained GaAs layers and 30s growth interruptions before
their growths. (b) The integrated intensities vs. the indium compositions of the wells
from (a). (c) and (d) are for various quantum wells with InO. 2GaO.4AlO.4As barriers,
on top of the InO.0 1 0 .22 Gao.99 _0 .78As graded buffers. All the curves in (a) and (c),
except the bottom ones, are shifted vertically to enhance clarity. The sample IDs
for (a) and (b) are 0324d, 0324e, 0324f, 0324g, and 0324h. For (c) and (d), they are
0324j, 0324k, 03241, 0324m, and 0324n.
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5.4 Wavelength Shift Induced by the Annealing
The impact of the annealing on the emission wavelength had been characterized for
the samples discussed in Section 5.1 and Figure 5-2, the results of which are shown in
Figure 5-6, together with Figure 4-6a. The maximum amount of shift was observed
for the sample with compressively strained Ino.3Gao.7As quantum wells, which could
be due to the out diffusion of the indium atoms with extra driving force coming from
the compressive strain. The amount of the wavelength shift for this sample was
20nm. However, the tensile strain quantum well experienced no shift at all, and thus
no in-diffusion of indium atoms. This could only be explained by the fact that the
aluminum-containing materials are particularly stable, which was consistent with the
observation that the aluminum-free graded buffer structure was completely degraded
upon annealing.
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Figure 5-6: Wavelength shifts of the annealed graded buffer quantum well structures
with (a) 7nm GaAs, (b) 7nm 1nO. 23GaO.77As, and (c) 7nm InO.3 GaO.7As quantum wells
with 1no.15Gao.45 Al 40As barriers. The sample IDs are 0300a, 0300j and 0300d.
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5.5 Summary
In this chapter, we demonstrated the severe degradation of the quantum wells on the
graded buffers when either tensile or compressive strain were introduced into them.
The amount of the degradation strongly depended on the magnitudes of the strain
in the quantum wells, and no threshold was observed for this degradation, unlike
the Matthews-Blakeslee process. It was possible to restore, to a small degree, the
luminescence when the grading rate was reduced, a strain-compensating superlattice
was inserted between the graded buffer and the lower barrier, or a tensile strained
GaAs layer and a 30s growth interruption were inserted before the growth of the
quantum well. By using a non-uniform growth temperature during the growth of the
graded buffers, rather than a uniformly high temperature, significant enhancement
was achieved. Finally, we demonstrated that the compressively strained InGaAs
quantum wells could experience wavelength shift up to 20nm after being annealed at
700'C for 15 minutes. However, the tensile strain GaAs qauntum well, with identical
graded buffer and barrier structure, experienced no wavelength shift at all.
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Chapter 6
Temperature-Dependent
Photoluminescence
It is desirable to understand the mechanism behind the thermal annealing process
and its relationship with the PL enhancement, as reported in Chapter 4. This can
be accomplished by locating the defect states in the bandgap responsible for the
PL suppression before the annealing and by measuring the change in their densities
after the annealing. It is also critical to understand the relationship between the
PL reduction and the introduction of strain in the quantum well, as presented in
Chapter 5. For bulk material, bandgap states can be studied by performing Deep
Level Transient Spectroscopy (DLTS) [102]. Indeed, by performing DLTS, Yamada
et al. [78] were able to confirm that the PL enhancement after the annealing of their
PL samples was not related to the GaAs claddings. Based on this, they concluded
that the annealing might have affected the quantum wells or the area immediately
around them. It is perhaps understandable why a more definite diagnosis cannot be
obtained with DLTS: generally, the bandgap difference between the claddings and the
quantum well can cause significant complication in the interpretation of the DLTS
result.
Simply explained, DLTS measures the current response of a diode to a sudden
application of reverse-bias voltage at various temperatures. As the temperature
rises, the carriers trapped by the defects, filled in advance by a forward-bias voltage,
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are released faster upon the application of the applied reverse-bias voltage. So, with
a properly chosen time delay, the change of the diode current after such delay verses
the sample temperature should follow an Arrhenius dependence, and then both the
densities and the energy levels of the defects can be extracted. The presence of the
quantum well acts as a giant deep level. The peak due to the well is broad, because
of the presence of a parabolic band in the well which can be occupied at elevated
temperature, and because carriers can escape from the well via both thermionic and
thermionic-tunneling emission. As a result of this broadness, defect levels higher than
the ground state of the quantum well are generally not well resolved [1031. Defect
levels lower or much higher than the ground state are not affected.
If one is interested only in the mechanisms related to the luminescence process,
one can imagine a similar system in which carriers are injected by short optical pulses,
and the temporal PL decay is recorded as a function of temperature. One can also
measure the decay of the total PL intensity as a function of the sample temperature.
Together, one can deduce the radiative and non-radiative lifetimes of the quantum
wells from these two sets of measurement, as has been carried out in [104. However,
no work has been done to relate such results with material qualities or with the effects
of post-growth processing, such as annealing.
Without access to such an elaborated system, we measured only the change of the
integrated total PL intensities as a function of temperature, from 19K to 370K, for
some of the samples we studied for this thesis. The reduced amount of information
significantly complicated the interpretation of the results. However, interesting and
totally unexpected observations were made, and will be reported here. In the rest of
this chapter, the experimental setup and procedures will first be described. Results
of various quantum well structures, both pseudomorphically and metamorphically
grown, will be presented, and discussion will follow in the next chapter.
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6.1 Photoluminescence Setup
The apparatus is a typical one for PL measurement. Samples are optically excited
by an argon ion laser, the emission lines have wavelengths between 457-514nm. The
output power was rated at 150mW but had been measured to be about 80mW at the
time the work of this thesis began. The samples are mounted on a cryostat pumped
by a mechanical pump and an oil-free turbo pump. The sample holder can be cooled
to 19K and heated to 400K, and the temperature is monitored by a silicon diode
attached to the back of the holder. The PL from the sample is collected and focused
by a pair of large diameter (3") plano-convex lenses onto the entrance slit of an Acton
SpectroPro 275 monochromator. The maximum attainable resolution is about 0.5nm
at 1pm wavelength, or about 0.6meV, with a 600 groove/mm grating and with both
the entrance and exit slits set at 10pm. However, when doing temperature dependent
PL, the sample can be as hot as 370K, and the signal is unacceptably weak unless
the slits are set at around 250 - 500pm.
The detector is a PbS photodiode, chosen mainly because of its relatively flat
spectral response as compared to other kinds of detectors. The sensitivity, how-
ever, is lower. For quantitative experiments such as temperature dependence PL, in
which the absolute PL intensities are needed, the measured values must be corrected
for this spectral variation in detectivity by multiplying the results with a function
proportional to
1 0
.3147A
where A is the wavelength in Mm. The incident laser beam is usually chopped
at 130Hz, and the detector output is amplified by 107 times by a tran-impedance
amplifier, and then fed into a EG&G 5210 lock-in amplifier. The grating angle of the
monochromator is controlled by a LabView program and the output of the lock-in
amplifier is collected synchronously by the same program.
Due to the high sample temperatures needed in the experiments, there are very
stringent requirements on the alignment of the optics to maximize the amount of
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collected light. Multiple samples are usually measured in the same run of temperature
scan, in order to save time. This imposes the requirement that as the sample stage
is shifted from one position to another, the spot where the laser beam strikes the
sample stage should not move away from the focus of the lens system. This limits
the amount of the tilting of the stage with respect to the optical axis of the PL
collecting optics. PL at high temperature is weak, so good light collection is critical.
In order to quantitatively compare samples grown at different times, there must be
good reproducibility for the PL measurements of the same sample.
The normal approach, by moving every piece of optics until a maximum in the
measured signal is obtained, is slow and impractical. A much faster and methodical
approach has been developed for the alignment of the system. This was done by first
removing the detector and then feeding an intense beam of white light from the exit
slit of the monochromator and project the image back onto the sample stage. The
following two steps were repeated iteratively until convergence is obtained:
" The image of the white light source was moved to coincide with the spot the
laser beam hit the sample stage. This was done by adjusting the pair of lens
between the sample stage and the monochromator but nothing else. This took
advantage of the reciprocity of a paraxial lens system.
" Due to the slight roughness of the stage, the intense laser beam generate a
scattered beam perpendicular to the surface of the stage. This beam is adjusted
such that, after passing through the lenses, it hit accurately at the entrance slit
of the monochromator. The alignment can be done by adjusting only the tilting
of the stage but nothing else. The alignment was easily checked by placing a
piece of tissue or lens paper at the entrance slit, because it would be illuminated
by the scattered beam on one side and by the white light source, through the
monochromator, on another side. It is obvious that the PL is emitted along
the same direction from the sample surface as the scattered light from the stage
surface.
It was found that after the apparatus has been aligned in this manner, very little
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additional adjustment was necessary to obtain optimal PL intensity, and the measured
values were remarkable repeatable, even after multiple reassembles of the setup and
over a span of two years.
6.2 Carrier Temperature
When performing the temperature dependent photoluminescence, samples are first
cooled to about 19K and then a PL scan is taken after every 15-20K rise in tem-
perature. The heating is provided by a feed-back stabilized ohmic heater at the
back of the sample stage. It is critical to maintain the sample steadily at the set
temperatures while the measurements are being carried out. Unfortunately, for both
cryostats used in this project, temperature instability occurs when the set tempera-
ture is above 180K, most likely due to the difficulties for the compressors to remove
steadily the heat generated by the heaters of the sample stage. In order to overcome
this problem, the compressor and the heater are turned off after the sample stage
temperature reaches about 160K, beyond which the stage is allowed to be warmed
up naturally. At around 200K - 250K when this warming is quickest, the temper-
ature rises by about 1K/min, and the speed of the PL scan was set such that the
temperature change during each scan is less than 2K.
It is also necessary, but generally very difficult, to find out the true temperature
of the sample during each of the PL scans. Many factors contribute to this difficulty.
Firstly, at low temperature, the laser tends to heat up the carriers. So, the carrier
temperature is higher than the crystal one. Secondly, the temperature is measured
by a silicon diode at the back of the sample stage, much closer to both the cold finger
of the cyrostat and the ohmic heater. So, the actual temperature at the surface of
the sample where the quantum well is located generally deviates from the indicated
temperature. This is a major concern when the above-mentioned warming technique
is employed to heat up the samples, as different parts of the cryostat need not warm
up at the same rate. Significant difference can also build up when the samples are
heat above room temperature, as it can take long time for the front of the sample to
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equilibrate to the temperature of the heater.
The technique to estimate the carrier temperature is to analyze the PL line-shapes
in detail. The line-shape of PL from a quantum well is generally very complicating,
with emission contributed by four processes. They are the recombinations between
the electrons and heavy holes which are either free or bound together as excitons,
and the corresponding processes between the electrons and the light holes. Due to
the enhanced confinement in the quantum wells, excitonic emission is prominent up
to room temperature, accounting for about 30% of the total emission intensity [105].
For unstrained, or compressively strained quantum wells, the emission processes due
to the recombination of electron and light holes occur at higher energies, and the
opposite is true for the tensile strained ones. Emission from these higher energy states
is suppressed at low temperature. However, above 200K these emission processes
become significant. For the compressively strained samples, the emission intensity
due to the light holes is observed to be about 50% of that from the heavy holes at room
temperature. For the tensile strain ones, the intensity of the higher energy heavy hole
emission is even slightly larger than the lower energy light hole counterpart at room
temperature, due to the much larger density of states of the heavy hole band. In
summary, the PL emission has contributions from as many as four different processes,
and it is impractical to isolate them as in [105], reproduced in Figure 6-1, particularly
when large amount of data must be analyzed.
The emission spectra of excitons are generally gaussian in shape and are very
narrow. The linewidth is expressed by [106]:
b
F = Fo + aT + 1
These terms are contributions from fluctuation of the well thickness (inhomogeneous
broadening), and scattering due to acoustic and optical phonons, respectively. The
linewidth at very low temperature is dominated by the inhomogeneous broadening.
For pseudomorphically grown quantum wells, FO can range from 1 meV [107] to as
much as 20 meV [108]. For the sample studied in this project, Fo ranges from 12
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Figure 6-1: PL spectrum, taken at 100K, of a multi-quantum-well structure, with
20 8nm GaAs wells and 15nm AlO. 3GaO.7As barriers. The spectrum was decom-
posed into contributions from electron-heavy-hole excitons (HH), electron-light-hole
excitons (LH) and free carrier (FC). The figure is reproduced from [105].
meV to 20 meV. The higher FO is most likely due to the roughness introduced by
crosshatching of the graded buffers. At room temperature, the phonon related parts
contribute approximately another 10 meV [107]. So, the exciton recombinations yield
no contribution to the part of the spectrum sufficiently removed from the exciton
peaks.
The spectra of the free carrier recombination, in contrast, have a long tail on the
higher energy side, the form of which can be used to extract the carrier temperature.
The carrier density of a single populated electron band in a quantum well can be
expressed as:
n(E) = 2 ( exp -ErFe)
(2Ih2 kT
n ex E 
- Ee)
kT kT
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where me, kc, EFe and E, are the electron mass and wavevector, the electron quasi-
fermi level, and the electron energy level at k, = 0. The pre-exponential factor in
the first equation is the density of states in a quantum well. n in the second and
third equations is the total electron density in the well:
n= j n(E) dE.
A parabolic band approximation is employed to arrive at the third equation. A
similar set of expressions exists for the hole band.
The recombination rate, proportional to the PL intensity, can be calculated by
the Fermi's Golden Rule [97]:
-F2,---+ + E - Ec) x E - Ev)
Rate = |H'|2 6(&k - k) exp( kT kT
k, kv
np h HI12  ] exp- E ) dE (6.1)
4(m + mv )(kT)2  Eg
Rate(E) c( O(E - Eg) exp kT E
where V is the total volume of the active region, Eg is the bandgap energy, p is the
total hole density, mv and kv are the hole mass and wavevector, respectively, and
H'I is the matrix element of the interaction between the carriers in the well and the
electromagnetic field of the emitted light. E(E) is the step function. The essential
point is that the emission rate as a function of photon energy is proportional to
exp (-#). A logarithmic plot should reveal a line with a slope of -1/kT, and T can
be extracted this way.
Taking into account the inhomogeneous broadening due to the thickness variation
of the quantum wells and various scattering mechanisms, the emission rate should be
the convolution between the above spectrum with the statistical distribution of Eg in
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the quantum well, which is assumed to be gaussian:
Rate(E) ocx exp ( ) )LE iE)exP(_2a2 kTU
E' (E - E) 2
= exp kT exp- ~ o 1dE'[c. (- kT)]I 2aEx 2E - (E, + E
oc erf T exp .
V/2a kT
So, the step function is broadened to become an error function, but the essential
conclusion concerning the spectrum at high energy remains the same. As it is expect
that 2o7 F, one can carry out the same extraction for T by simply ignoring the
part of the spectrum where E - E < F/2. In reality, when emission due to different
contributions overlap, the total spectrum becomes very complicating and one can only
use the very high energy part of the spectrum where such overlapping is negligible.
The above discussion is well illustrated by Figure 6-1.
Figures 6-2 and 6-3 present some samples of this extraction procedure. The high
energy parts of the PL spectra were plotted on a logarithmic scale in Figure 6-2,
and the slopes of these lines yielded the carrier temperatures of the samples at the
time of the measurements. Significantly, despite the significant reduction in room
temperature PL intensity for sample 0300d (the lower left line in the figure), with a
compressively strained quantum well, the high energy end of the spectrum remained
strong enough for over one order of magnitude of integrated intensity, enough for
temperature extraction. The extracted carrier temperatures of one of the samples is
plotted against the set temperature of the sample stage in Figure 6-3. Notice that
when the set temperature was below 120K, the extracted temperatures were consis-
tently higher than the set temperatures by about 14K, a clear indication of carrier
heating by the laser beam. Interestingly, above 150K, the extracted temperatures
were nearly identical to the set ones, and the warming scheme we use in taking the
temperature dependent PL apparently did not yield significant unpredictability for
the sample temperatures.
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Figure 6-2: (a) The high energy part of the PL spectra from single quantum well sam-
ples, each were performed at two temperatures. The extracted carrier temperatures
are indicated by the curves. The set of lines on the left are taken from an InO.3Gao. 7As
quantum wells with Ino I5Gao.45 Al0 .4oAs barriers. The set from the right are taken
from an InO. 15Gao 85As quantum wells with Ino.15Gao.45Al0.4OAs barriers. The sample
IDs are 0300d and 0300c.
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Figure 6-3: The extracted temperatures (square dots) from the PL spectra of the
sample with an InO. 15Gao.85As quantum wells with the set temperatures ranged from
19K to 370K. The long solid line is a guide for the eye with a slope of 1. The short
solid line was obtained by linearly fitting the first five points, which shows a 14K
carrier heating consistently up to a sample temperature of 120K. The sample ID is
0300c.
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6.3 Temperature Dependence Photoluminescence:
Results
With the techniques mentioned in the previous sections, temperature dependent PL
has been carried out for the set of quantum well samples 0300c, j and d. As dis-
cussed in Section 5.1, these were quantum wells with In 0.15 Gao.4Alo.40As barriers
on Ino.oio.17Gao.99 ,0. 3As graded buffers. The strain states of these quantum wells
ranged from unstrained to compressive. It was observed that the PL decayed quicked
as the quantum well became compressive. For comparison we have also performed
temperature dependent PL on single 7 nm GaAs and Ino.20 Gao.8oAs quantum wells
with A10.3oGao. 70As barriers, and on a 8 nm single Ino.15Gao.85As quantum with GaAs
barriers. The samples studied in this section, and their compositions, are listed in
Table 6.1.
QW Composition QW Thickness Barrier Composition Strained? pseudomorphic?
0300c Ino. 15Gao.85As 7 nm Ino. 15Gao.45Alo.40As No Yes
0300j Ino.23Gao.77As 7 nm Ino.1 5Gao.45A10.4oAs Yes Yes
0300d Ino.3Gao.7As 7 nm In 0 .15Gao.45Al0.4oAs Yes Yes
0294d GaAs 7 nm Alo.3oGao. 70As No No
0294e InO. 2Gao.8As 7nm Al0.30Gao.7oAs Yes No
0088 Ino. 15Gao.85As 8 nm GaAs Yes No
Table 6.1: Quantum well structures studied with temperature dependent photolumi-
nescence.
To motivate the following presentation, it is interesting to note that when pho-
toluminescence spectra of the samples 0300 a, c, j and d were taken at 19K, the
degradation related to compressive strain, observed at room temperature, was ab-
sent. On the other hand, the poor low temperature PL of sample 0300a, with a
tensile-strained quantum well, is similar to that observed at room temperature. This
is presented in Figure 6-4. Surprisingly, it seems that the compressive strain actually
enhanced the PL.
One may suspect that photoluminescence at low temperature is simply not sensi-
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Figure 6-4: (a) The low temperature (19K) photoluminescence of various strained
quantum wells grown on the graded buffers. The quantum well compositions are
listed next to the curves. All the barriers had the composition Ino.15GaO.4Al. 40As.
All the curves, except the bottom one, are shifted vertically to enhance clarity. (b)
The integrated intensities vs. the indium compositions of the wells from (a). The
sample IDs are 0300a, 0300c, 0300j and 0300d.
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tive enough to the degradation in the quantum wells. However, as demonstrated by
Andersson et al. in [109], low temperature PL is actually very sensitive to the defects
in the quantum wells at the edge of the Matthew-Blakelee type of degradation, with
more than 100 times reduction in the intensity and significantly increased linewidth
being observed for their samples. Another interpretation is that the compressive
strain in the metamorphic quantum wells caused the PL of these samples to decrease
more rapidly with temperature than normal. We will demonstrate that it is indeed
the case.
6.3.1 The unprocessed data
The unprocessed temperature dependent PL data for the metamorphic quantum wells
from samples 0300c, j and d is shown in Figure 6-5. In Figure 6-5a, the curves
are generated from samples which have undergone different amounts of annealing.
It is obvious that, regardless of the absolute values, the curves correspond to the
annealed samples show marked similarity to each other. Each one is very much
the scaled version of the others. The unannealed one, on the other hand, has an
extra PL degradation mechanism between 50K and 275K. As discussed in Chapter
4, we believed there were two separated effects when the quantum well samples were
annealed, even though it was not conclusive what these effects were actually. This
assertion can be confirmed here, as the annealing at 700K up to 5 minutes served
to removed the fast degradation process between 50K and 275K, while additional
annealing only served to enhance the PL at all temperature by approximately the
same amount.
Figure 6-5b shows the temperature dependent PL for samples 0300c, j and d, all
annealed at 700C for 20 minutes. There are two interesting observations. First,
as it has been commented before, sample 0300d, with compressive Ino.3oGao.7As
quantum well, had the strongest low temperature PL but the weakest PL at room
temperature. The unstrained quantum well in sample 0300c shows the opposite
trend. Compressive strain in the quantum well did introduce larger PL decay as
temperature rises. Second, the PL of all of these samples peaked at T 7 0, with
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Figure 6-5: (a) The temperature dependent PL for the metamorphic quantum well
from sample 0300c, with different durations of annealing. (b) The temperature depen-
dent PL for the metamorphic quantum wells from samples 0300c, j and d. The com-
positions of these quantum wells are Ino 1 5 Gao.8 5 As, Ino 2 3 GaO.77 As and InO.3OGaO .7As,
respectively. The barriers in all of these samples are InO.15 Gao.45 Alo.4oAs.
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the peak shifted closer to T = 0 as the quantum well compressive strain increased.
The PL of unannealed 0300c, with unstrained quantum well, also shows a very weak
maximum at T 0, the same place as the quantum well of 0300d. However, this
can simply be caused by some small variations in the measurement process.
Figure 6-6a shows the temperature dependent PL for the pseudomorphic quantum
wells from samples 0294d and e, both with GaO7 A10.3As barriers. There was a 7nm
GaAs quantum well in 0294d and a 7nm InO.2 Gao.8 As quantum well in 0294e. Similar
to the unannealed sample 0300c with unstrained quantum well, there are two distinct
sections in the curves with the transitions at around 250 - 300K. The temperature
dependent PL of the annealed 0294e, however, does not show the elimination of the
lower temperature degradation mechanism. For this sample, the annealing only
raised the PL intensity at all temperatures and reduced the slope of the curve in the
intermediate temperature range. This has to be contrasted to the annealed sample
0300c. Attention should also be drawn to the maximum of PL intensity at T ~~ 80K
for the annealed sample of 0294e.
Finally, Figure 6-6b shows the temperature PL of sample 0088, with an 8nm
Ino 15Gao.85As quantum well and GaAs barriers. The PL intensity decreased mono-
tonically as temperature rose. The true carrier temperatures of this set of data were
not extracted because the barrier energy of the electron energy level is only about 40
meV and the theory mentioned in Section 6.2 cannot be employed, which assumed
infinite barrier height. It was simply impossible to find a large enough set of intersity
vs. energy data from any of the PL scans to carry out the temperature extraction
process.
6.3.2 The processed data
To facilitate better understanding of the results, the above set of data is replotted
as - 1 vs. 1 on a logarithmic scale, where Io is the integrated PL intensity atI1(T)T
T = 0. Since T = 0 cannot be reached, the integrated intensity taken at the lowest
temperature is usually used instead. The rationale behind this will be explained in
Section 7.1. There are two key points in this operation. First, it was believed that
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Figure 6-6: (a) The temperature dependent PL for the pseudomorphic quantum wells
from samples 0294d, with a 7nm quantum well, and 0294e, with a 7nm InO. 2Gao.8 As
quantum well. The barriers were Gao.7Alo. 3 As. For sample 0294e, the results for both
unannealed and annealed samples are presented. (b) The temperature dependent PL
for the pseudomorphic quantum well from samples 0088, with a 8nm InO.1 5 GaO 8 5As
quantum well with GaAs barriers.
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in this representation each decay process would be revealed as a straight line, the
slope of which, after multipled by , is the activation energy in eV. In reality, there
is enough curving between two "straight" sections that the curve fitting function in a
program like Origin must be employed to extract these activation energies. Second,
the operation effectively factors out 1o, isolating it from other factors.
Applying this formalism to the data from the sample 0088, with a 8nm In 0 .1 5Ga 0 .8 5 As
quantum well and GaAs barrier was particularly successful, Figure 6-7. There are
two distinct sections in the graph, both relatively straight, which correspond to two
processes with activation energies of 45 meV and 257 meV. As interpreted in Section
7.2, these energies can be related to the barrier energy of the electron energy level in
the quantum well, and to the sum of this energy with the surface barrier energy of
the holes. These energies are depicted in Figure 6-7b.
Let us verify the above assertions by estimating the band lineup and the placement
of the Fermi level for this structure. If one assumes that the composition and the
thickness of the quantum well are correct, then the electron level barrier is about 40
meV, using the calculation scheme of Appendix C. From Hall measurements, unin-
tentional background doping of GaAs in the MBE system is about 1 - 3 x 1015 cm-3.
With the weak intensity of the laser beam, the majority carrier level is unaltered
during illumination. So, the hole quasi-fermi level is the same as the fermi level,
which is about 195 to 235 meV above the valence band of the barrier. The surface
pinning energy of the Fermi level is reported to be about 400 meV to 500meV [110].
Combining all this information, the hole barrier energy level at the surface is found
to be between 160 meV to 300 meV. This calculation is certainly consistent with
the above identification of the extracted activation energy with the mentioned band
diagram features, keeping in mind the rather large uncertainties associated with the
band alignment and the surface pinning.
For the other samples, the association of extracted energy with band diagram
features was more difficult. However, when viewed together, the results are perhaps
more striking. These curves are plotted in Figure 6-8. First, after factoring out the
integrated intensities at the lowest temperature (Io), the curves of the temperature
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Figure 6-7: (a) Processed temperature dependent PL data from sample 0088. It is
obvious that there are two distinct sections. The extracted activation energies are
257 and 45 meV. (b) The band diagram of sample 0088 showing the quantum well
and surface pinning.
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dependent PL of the two annealed unstrained samples of 0300c, with 5 minutes and
20 minutes of annealing, overlap each other. So, the extra 15 minutes of annealing
only served to increase lo.
Second, and more surprisingly, the unannealed samples of 0300c, 0294d and
0294e overlap nearly perfectly in the range from 50K to 370K, while the relative
intensities varied over nearly three order of magnitude. The similarity in their tem-
perature PL behavior must be contrasted with the great differences between these
samples, both in the quantum well and the barrier compositions, and in the presence
and absence of the graded buffers. There is a 7 nm GaAs quantum well in 0294d and
a 7 nm In 0 2Ga 0.8As quantum well in 0294e, both have Al0.3Ga 0.7As barriers and no
graded buffer, while sample 0300c has an unstrained quantum well grown on graded
buffer. The layers of these three samples, however, are identical: they all have a sin-
gle 7nm quantum well, with 500nm and 100nm aluminum containing barriers under
and above each quantum well, respectively.
Finally, the slope of the lower bundles of curves, for the two annealed samples of
0300c, implies an activation energy of 310 meV, which is very close to the expected
barrier energy for the ground state of the electron quantum well, which was calculated
to be 340 meV.
The temperature dependent PL curves of the annealed strained samples, after
processed, fall mostly between the two bundles of curves of Figure 6-8, as can be
seen from Figure 6-9. One of each bundle of curves from Figure 6-8 is reproduced
in Figure 6-9 as a reference for the eye. Amoung the two metamorphic strained
quantum well samples 0300j and d, the PL curve of the more strained one, 0300d,
lies closer to those of the unannealed samples than the less strained sample 0300j.
6.4 Summary
In this chapter we presented the motivations for carrying out temperature dependent
photoluminescence, mainly as a way to understand the PL enhancement of the ex-situ
annealing, and the quantum well strain related PL degradation. The PL setup and its
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Figure 6-8: (a) Processed temperature dependent PL data from samples 0300c, j d
and samples 0294 d, e. The curves fall into two separated groups. The unannealed
samples of 0300c, 0294d and e are grouped into the upper set of curves. The annealed
samples of 0300c, annealed for 5 mins and 20 mins, falls into the lower set. (b) Data
for T > 200K from (a) plotted with an expanded 1/T scale for better clarity in that
region.
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Figure 6-9: Processed temperature dependent PL data from samples 0300j, d and
sample 0294e. For the samples 0300j and d, the more strain is in the quantum well,
the closer its curve is to the set of curves related to the unannealed samples in Figure
6-8. The data for the annealed 0294e, which was pseudomorphic, is also shown
here. The curves for the annealed and unannealed samples with structure 0300c are
reproduced here from Figure 6-8a to serve as guide for the eye.
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alignment were reported in detail. The theory and the procedure to extract the carrier
temperature of the quantum well samples during each PL scan were demonstrated.
We then presented the temperature dependent PL of various samples, listed in Table
6.1. The data was first plotted as graphs of integrated intensity vs. temperature,
and then as -1 vs. y on a logarithmic scale. The key findings were as followed:
" From the annealed samples of structure 0300c with an unstrained quantum well,
the first 5 minutes of annealing completely removed a fast PL decay mechanism
between 50K and 275K. Subsequent annealing only served to increase 1o. So,
when plotted as 1-1 vs. 1 on a logarithmic scale, these two curves overlapped
with each other. Moreover, the slopes of these curves approached the expected
barrier energy for the ground state of the electron quantum well, 340 meV.
" For the unannealled samples of structures 0300c, 0294d and 0294e, the tem-
perature dependent PL spectra were strikingly similar, both in their shapes
and magnitudes, after 1o of each curve is factored out. This similarity occurred
despite the difference in their quantum well and barrier compositions.
" Amoung the metamorphic samples, 0300c, j and d, the one with the highest
compressively strained quantum well, 0300d, had the strongest PL at 19K but
the weakest at room temperature. The opposite is true for the unstrained
sample, 0300c.
" The samples with strained quantum wells, both pseudomorphic and metamor-
phic, annealing was less effective in removing the fast PL decay mechanism in
the intermediate temperature range than for the unstrained sample 0300c. The
metamorphic samples seemed to suffer more from this effect. Among the meta-
morphic samples, the removal was less effective for the more strained sample.
" For both pseudomorphic and metamorphic annealed samples, there is a peak
in the PL intensity at T # 0. For the metamorphic samples, the peak shifted
closer to T = 0 as the quantum well compressive strain increased
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The goal of the next chapter is to attempt to explain some of the above observa-
tions by modeling the temperature dependent PL process in detail.
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Chapter 7
Theory of Temperature
Dependence Photoluminescence
Explanations to the list of observations from Chapter 6 cannot be accomplished until
there is a physical formulation for the photoluminescence process. Traditionally,
the scenario was assumed to be a competition between the radiative recombination
process in the quantum well and several unspecified non-radiative processes, which
are thermally activated. The mathematical form obtained was well known to fit
reasonably well the data from the temperature dependent PL experiments. However,
a physical picture is absent in this approach and the activation energy obtained can
rarely be related to any specific physical process or band diagram features. We will
try to remediate the situation by studying the photoluminescence as a one dimensional
diffusion process with the quantum well and the surface as carrier sinks. We believe
that this is promising because one can recover a mathematical form very similar to
the one being used traditionally. In addition, any activation energy extracted in
this way can be related to some combination of the band diagram features, which,
in principle, can be measured by other experimental methods. In this chapter, both
the traditional approach and the modified one will be presented in detail.
It must be emphasized that this analysis is still an ongoing process, and much
work is still needed to be done to achieve a coherent theory which can encompass all
the observations in Chapter 6.
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7.1 The Traditional Formulation
There has been a long history of sporadic but mostly unsuccessful attempts to model
the temperature dependent PL from quantum well structures, samples of which are
shown in Figure 7-1. Generally, it was observed that, as the sample warm up,
PL intensity drops relatively slowly at low temperature ($ 150K) and then drops
quickly at higher temperature, as had been reported in Chapter 6. Figure 7-1a
shows the temperature dependent PL for different single GaAs quantum wells of
various thicknesses and substrate orientations with Alo.3 Gao.7As barriers [111]. It is
obvious that in each curve there are generally two straight sections, with the crossovers
at around 200K. The high temperature sections have much larger slopes. Figure
7-1b shows the same for a multiple 12 nm GaAs quantum well structure with 40 nm
AlGaAs barriers, plotted as 10 /I,(T) - 1 vs. 1000/T [112]. As will be explained
later, this was the standard way to extract the activation energies of the PL decay
mechanisms. Figure 7-1c shows the same for a single 7nm GaAs quantum well with
A10.3 6 Gao.6 4As barriers, which possessed a maximum of PL at T Z 0 [113].
The formulation to describe these observations was based on a model in which
there are several thermally activated non-radiative recombination mechanisms com-
peting with the radiative emission process [104, 105, 112, 114]. To begin with, the
rates of the radiative, Ir, and all non-radiative, Inj, recombination processes must add
up to be the generation rate of the laser, 1o, which is assumed to be constant with
temperature, T:
Io Ir(T)+ In(T)
n,(T) nni (T)
T, (T) rni (T)
where the n's and r's are the carrier densities and lifetimes, respectively, of all the
different processes. Only the radiative emission from the quantum well is monitored
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Figure 7-1: (a) Temperature dependent PL for GaAs quantum wells of various thick-
nesses and substrate orientations with AlO.3GaO.7As barriers [111]. (b) The same for
a multiple 12 nm GaAs quantum well structure with 40 nm AlGaAs barriers, plotted
as lo/l,(T) - I vs. 1000/T [112]. (c) The same for a single 7nm GaAs quantum well
and AlO.36Gao.64As barriers, which showed a maximum of PL at T z 0 [113].
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in the experiments, and we have:
T Ir(T)
Ir (T) + -Ini(T)
1
I+i n(T) / (T) '0T ni(T ) -r(T )
1 1 -10 (7.1)
1 + E ci(T) exp(- )
In the last step, all the competing non-radiative processes are assumed to be thermally
activated with the activation energies Ej. The ci are assumed to be either a constant
or a weak function of T only. Finally, to extract these El's, one plots 10/Ir(T) - 1
against temperature on a logarithmic scale and obtains:
I T) 1= Z ci(T) exp (- _ E (7.2)
There should be lines which are approximately straight, one for each non-radiative
process, and the slope of each line is approximately the activation energy of that
process.
Temperature dependent PL data has been fitted reasonably well by the form of
Equation 7.2. For InGaAs quantum wells with GaAs barriers, two or three lines
are needed to fit the data from 10K to room temperature. The extracted activation
energies for the low temperature portion of the PL decay are usually in the range of
10-20meV, and the mechanism is always assumed to be the thermal decomposition
of excitons into free carriers, simply because the exciton binding energies in quantum
wells fall into the same range. For barriers with aluminum, maximum radiative
emission sometimes does not occur at T = OK, and only the higher temperature
portion of the experimental data is Arrhenius as discussed above. However, even if
the expression is useful, there are still several deficiencies with this approach:
* As the temperature approaches OK, I,(T) must approach Io. However, for
samples with the same structure but grown under different growth conditions,
Ir can have vastly different PL intensity even at very low temperature and under
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the same amount of excitation. This can readily be demonstrated by Figure 4-
3a, in which the integrated 19K PL intensities of the same sample with different
ex-situ annealing temperature were found to be differ by more than 30 times.
* There is no objective way to assign a non-radiative process to each extracted
activation energy.
7.2 Photoluminescence as a Diffusion Problem
The core of the issue is that the formulation described in Section 7.1 simply has no
physical content; it is just a generally successful way to organize and present the
temperature dependent PL data. A different approach is to solve the problem as a
one dimensional diffusion problem with the surface and the quantum well as carrier
sinks, noting that during a PL measurement of a quantum well structure, most of
the carriers are generated in the barrier and then collected by the quantum well via
diffusion. This approach has been attempted by Jiang et al. [113] but they could
not fit their measurement with the solution of their diffusion equation. In particular,
their solution did not resemble Equation 7.1 and could not reproduce the part of the
temperature dependent PL measurement which showed Arrhenius type behavior at
high temperature. Their results were reproduced in Figure 7-1c, in which the dots
were experimental data points. The dashed and solid curves interpolating the data
points were only guide for the eye. The solid dots curves were calculated from the
models. They only touched the experimental curves at two points and were always
above the rest of the data. The two sets of data corresponded to two excitation
intensities. The two curves very close to the left of the graph corresponded to barrier
emission.
As a boundary condition in their formulation, they assumed that the carrier den-
sity in the barrier next to the quantum well is zero, arguing that the barrier is at far
higher energy than the well, the difference being about 350meV in their case. They
argued that any carrier there would simply fall into the well. Unfortunately, this
assumption implied that the carrier recombination in the quantum well was infinitely
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fast at all temperature. If a realistic and finite recombination rate, obtained by inte-
grating Equation 6.1, is used instead, and the carrier densities inside and outside the
well are related by Boltzmann statistics, then it is possible to recover an expression for
the temperature dependent PL intensity similar to Equation 7.1, with an activation
energy of about 350meV in their case.
The key point in the new approach is the observation that most recombination
rates, radiative or not, are directly proportional to the carrier density. This is
so because the carrier density generated in a PL experiment is far less than the
background doping. Also, since our samples are usually p-doped unintentionally,
only the electron densities in them need to be modeled. We can then reason with
the following train of arguments:
1. For a sample with reasonably good material quality, most carriers generated in
the barriers will flow to the quantum well or the surfaces to recombine. For a
finite recombination rate, the electron density inside the quantum well must be
finite and can be much higher than that in the barrier.
2. Away from the quantum well, the electron density in the barrier should approach
GTb, where G is the generation rate of the laser, and Tb is the lifetime of the
barrier material. In order for the electron to flow into the quantum well, there
must be a electron density differential between this barrier electron density away
from the well and the one in the barrier immediately next to the well.
3. As temperature rises, one can, in theory, relate the electron densities inside and
outside the well by solving the full Poisson-Schr6dinger Equation. Without
going through this complicating process, one can simply assume that the two
densities are related by Boltzmann statistics. In any case, one should observe
that the ratio between these two electron densities shrinks as the temperature
rises.
4. Due to the much higher density inside the well and due to the finite recom-
bination rate there, the electron density in the barrier immediately next to
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the quantum well can approach GTb at high enough temperature. When that
happens, carriers cease to flow into the well and the PL intensity decreases.
5. Finally, less carriers flowing into the well means that more carriers are available
to other competing processes, such as recombinations on the surface or in the
barriers.
We will first present relationships between the recombination rates and the carrier
densities, for both the quantum well and the surface. Then, the carrier density and
flow rates in the barriers will be solved as a one dimensional diffusion problem, with
the quantum well and the surface as "point" sinks.
7.2.1 Quantum Wells
Integrating Equation 6.1, one can obtain a relationship between the recombination
rate, rw, and the electron density in the well, nw:
S.Pw h | H' 2
4(m + mw) (kT)2
= C' nw
I 0qE9
exp E - E9 dEex U )
where
C, pw h |H'|2
4(m +,ma)kT'
To relate the electron density in the well, nw, with that in the barrier immediately
next to the well, nb, one observes that
3
2
n = 272,h2 )
b 2 mbkT\
Lo 1 2 h2 (
Lb 1u m( "'
o moe)C
(Ewc - Fe
exp Ub- e
/x Ebe - Fe
2
27rh2)
AEc)
CXP kT U )
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In all of the above equations, m's are the masses, w stands for the quantum well, b
for the barrier and the rest of the quantities can be understood from Figure 7-2a.
we arrive at the key equation:
rw = C nw = Cwnlb
where
k AEc
CW oc (kT )-l exp " .
%C AEc
Ec --->H
.................................... F e
.................. 
.........-- F h
(i)
(a)
Figure 7-2:
and (b) on
Various parameters related to the recombinations in: (a) a quantum well
the surface.
7.2.2 Surface
For the surface recombination rate, r5 , we simply assume it has a similar form as r,:
us /r, (
-- oc (kT exp
nb
AEs
kT)
rs = Cns = Canrb (7.5)
(7.6)
where
CS c exp -
AEs
kT)
with the activation energy related to the need for the holes to be thermally activated
across the surface barrier in order to recombine with the electrons, Figure 7-2b.
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(7.3)
(7.4)
ee~
Fh
(b)
No-
Ask,
tice the activation energy of C, has an opposite sign in the Arrhenius form from that
of C"'.
7.2.3 Other Temperature Dependence
Carriers in the barriers are assumed to undergo Shockley-Read-Hall type of recombi-
nation, and so the barrier lifetime, Tb, has the following form:
Tb oc N,, (kT)-2
where Nt is the density of the traps. The electron diffusion coefficient, D, follows the
Einstein relation:
D = .
q
7.2.4 Diffusion Equation of a Quantum Well Structure
Figure 7-3 shows the configuration in which the diffusion problem will be solved. It
has a quantum well somewhere in the middle, acting as an electron sink. Carriers
flow in from the left and from the right at the rates rwL and TwR, respectively, and
their total is r,. The terminating surfaces also have surface recombination rates of
TsL and rR. The differential equation will first be solved for the region to the right
of the quantum well. The solution for another half will have a similar form. The
total, rw = rwL + rwR will then be found and related to the relevant quantities.
The differential equation for the diffusion process is
d2 nbR(x) nbRW + G 0.
dx 2  Tb
where nbR is the electron density at the right of the quantum well (x > 0). The dif-
fusion length, L, is VDTb and the inhomogeneous solution of the differential equation
is GTb. The solution, with the prescribed rates at x = 0 and x = WR as the boundary
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Figure 7-3: A quantum well structure for
ified around the well and at the surfaces.
the diffusion problem with flow rates spec-
conditions is
L/D X -WR x
nbR(X) - w rwR cosh + r,8 cosh- + GTbsinh L ds L L
Specifically, we will need the electron density at x = 0 and x = WR:
nbR(X = 0)
nbR(X = WR)
L/D
sinh WRL
L/D
sinh wRL
IrwR cosh LL
- TwR
+ rsR + Gb I
+ GTb
Using the results from Sections 7.2.1 and 7.2.2, we can eliminate nTbR(x = 0) and
nbR(X = WR) by relating them to rw and rTR:
nbR(X = 0)
nbR(X = WR)
rw 
_ rWL + TwR
Cw Cw
C8 R
CsR'
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rw = CWfnb(X=O)
WRI I(WL
WR
+ TsR cosh L
rsL = sL n jX=w )
Now, we have two equations for the two unknowns, rwR and rsR, pretending that rwL
is a parameter for now. These two equations are:
fILk L/D cosh WR
Cw sinh wRc LL
L/D
sinh 1v!L
L/D
sinh WRL
S L/D cosh WRCR sinh R LL I [TR[sR G-b
The solution of rwR can be arranged and expressed as
(C1cw __ TwL bGr,C+ I) wR + C = abRGTb,
where
I + L ta n h wR
1 tanhwR + LsR L 'D
aCbR 1 -
L/D
sinh + A cosh7CR L D
It turns out that CbR has significant physical meaning which will be discussed in the
following Section. It can be viewed as a parameter similar to Cw and C5 R.
Equation 7.7 relates rwR and rwL. Another one can be obtained by solving the
diffusion problem on the left side of the quantum well. The solution can be arrived
at quickly by interchanging all the 'R' and 'L' in the subscripts in Equation 7.7, as
well as all the previous equations.
[
Grouping these two equation together:
I abRL bL J GTb.
Solving the above matrix equation, and summing rwR and rwL, we arrive at the key
result of this chapter
(7.8)Tw ='wR±rwL -CbLGbL + CbRabR GTb
1+ CbL + CbRow
7.2.5 Discussion
We will demonstrate that Equation 7.8 does have a similar form to that of Equa-
tion 7.2. However, Equation 7.8 at the current form is not amenable to analysis.
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[. I
1 _ L
CbR D [
(7.7)
± LTwR
1 1 1
C. C± CbL TswL
Simplifying CbL,R and we discover that:
CbL,R { DiiCsL,R
-D
WL, R
WL,R > L
WLR < L
WL,R< L and CsL,R --+ O.
Just like the C, which relates the radiative recombination rate of the quantum well
with the electron density, the CbL,R relates the dominant non-radiative recombination
rate of each side of the well with an appropriate electron density. When, WL,R > L,
the surface is too far to matter, and the dominant loss mechanism is the non-radiative
recombination in the barriers. The relevent electron density is the electron density
far from the well, which equals GTb. The competing non-radiative recombination rate
is DGTb GL, as expected. When, WL,R < L, the surface loss dominates, and the
competing non-radiative recombination rate is CsL,R nb(X WL,R). The general form
of CbL,R is the interpolation of these two limiting cases. The third case is necessary
when the surfaces are close to the quantum well, but the recombination rates there
are extremely high.
Taking the same limits for abL,R, we get:
abL,R { 11WL, R
CsL,R T
1 (wLR)2
WL,R > L
WL,R < L
WL,R< L and CsL,R > 00-
Equation 7.8 takes the following general form:
rw(T) =G[EBWL(T =0) + EBWR(T =0)]
1 + CbL + CbRCW
where the effective barrier width, EBWL,R, is
EBWL,R { LWL,R
VL, R
2
WL,R
WL,R
WL,R
> L
< L
< L and CsL,R -- 00.
128
1
EBWL(T=O)+EBWR(T=O)
EBWL(T)+EBWR(T)
(7.9)
Here the key point is that
rW(T 0) = G[EBWL(T =0) + EBWR(T =0)],
and
rW(T = 0) CbL + CbR EBWL(T =0)+ EBWR(T=0)
rw(T) CW J EBWL(T) + EBWR(T)
It is already very similar to Equation 7.1 from the literature. For WL,R < L, we get
EBWL(T =0)+ EBWR(T =0)
EBWL(T) + EBWR(T)
rW(T = 0) CbL + CbR
rw( T) CW
Remembering that each of the C's is a power of kT multiplied by an Arrhenius
expression, we do get back Equation 7.1 in this limit. In general, however, Equation
7.1 is not correct. This is not a serious problem because the EBW's do not contain any
Arrhenius expression, and the extra factor becomes less significant when '' (TO) - 1
r,,(T)
is plotted on a logarithmic scale. We should also collect the following observations:
" The intensity at T = 0 is now not a constant as stipulated by the old theory,
but is proportional to G[EBWL(T = 0) + EBWR(T = 0)]. So, if the annealing
increases the carrier lifetime in the barriers, the EBW's increase, and so does
the low temperature PL intensity.
" The general behavior of Equation 7.9 is still very similar to Equation 7.1. At low
temperature, the PL intensity falls slowly from the maximum at T = 0, mainly
influenced by the term EBWL(T)O)+EBWR(T.O) At high temperature, the PLEBWL(T)+EBWR,(T) . hg eprtrteP
intensity drops as CbL + CbR and so it is sensitive to the barrier height of the
quantum well, via the factor Cw. This dependence on the barrier height has
been mentioned frequently in the literature, but it has never been formulated
in a concrete manner as here.
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While the slowly varying term EBW (T=O)±EBWR(T=O) has very little effect at highWhileEBWL(T)±EBWR(T)
temperature, it dominates the PL temperature dependence at low temperature.
It is perhaps not surprising that this term can be confused with an Arrhenius
expression with a small activation energy. Indeed, there are usually not enough
data points to differentiate between these two possibilities. This can potentially
negate the exciton dissociation theory for the temperature dependent PL at low
temperature, which is not compatible with our theory.
* For the annealed samples of the structure 0300c with different duration of an-
nealing, the temperature dependent PL results overlapped with each other when
they were plotted as 1 - 1, as shown in the lower bundle of curves in FigureI(T)
6-8a or b. This can be explained as following. After 5 minutes of annealing,
it is very likely that the diffusion length has already exceeded the thicknesses
of the barriers. Moreover, it is reasonable that the recombination rate at the
interface between the graded buffer and the InGaAlAs barrier can be assumed
to be infinite, C8 L -+ oc. This is because the carriers falling off the barrier into
the graded buffer can recombine very quickly, due to the very high density of
misfit dislocations there. If the surface recombination rate happens to be very
small, C8 R -> 0, then
CsL C So sR > 0
CbL - CbR 0
WL
10 CbL + CbR
I(T) C
D 1
WL Cw
In this case, the carrier lifetime in the barrier, Tb, no longer appears in the
expression, and Io - 1 only depends on the quantum well related parameters.1(T)
The different curves plotted in this manner will have to overlap, as we have
observed. Moreover, the extracted activation energy will be the barrier height
of the ground state electron level in the quantum well, as shown in Equation
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7.4.
" If the diffusion length in the barrier is long and CsL -- oc, but CsR $ 0, then
- C 1= R (7.10)
I(T) CW
The extracted energy will be E, + E,, using Equations 7.4 and 7.6.
" The maximum PL intensity always occurs at T = 0 in this model. Extension
of the theory is necessary to explain the PL maxima at T = 0.
7.3 Summary
In this chapter the temperature dependent photoluminescence was first explained
as a competition between the radiative recombination in the quantum well and the
different thermally activated non-radiative recombination processes, as had been done
in the literature. We argued that, while the mathematical expression so obtained is
useful in fitting the data, there is not enough physical content in this approach, and
the quantities obtained in the fitting procedure would not be useful for any further
physical understanding.
In order to make the above model more physical, and in an attempt to understand
some of the observations made in Chapter 6, we solved the carrier collection process
by the quantum well as a one dimensional diffusion problem, and then studied its
temperature dependence. We noticed that the solution was indeed very similar to
the expression commonly used in fitting the temperature dependent PL data. While
we could not reproduce all the observations in Chapter 6, we were able to modify the
theory into a more physical form and used it to explain the temperature dependent
PL data of the annealed samples with the structure 0300c. Finally, it must be
emphasized that the model cannot explain the PL maxima at T / 0 observed in
some samples, and so some extension is still necessary.
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Chapter 8
Conclusions
The goal of this thesis was to fabricate semiconductor laser structures on InGaAs
compositionally graded buffers to study the issue of strained induced acceleration
and retardation of the darkline defect propagation. The laser fabrication is still
an on-going project, but significant amount of experience has been accumulated in
the growth of such structures with molecular beam epitaxy (MBE). Specifically,
after extensive growth optimization, quantum well structures grown on the graded
buffers could yield photoluminescence as good as, and sometimes even better than,
that from the pseudomorphically grown quantum wells on GaAs. Observations were
made on the dramatic improvement in the material quality by the use of ex-situ an-
nealing. It was also noticed that both tensile or compressively strained quantum
wells on graded buffers have far poorer photoluminescence than similar samples with-
out strain. Finally, temperature dependent photoluminescence was employed as a
tool to investigate these issues, and the theoretical foundation of this experiemntal
technique was reformulated such that physical processes or band diagram features
can be related to the measurement results. In this section, the results obtained will
be summarized, and future work in this direction will be suggested.
133
8.1 Summary of Results
We first studied carefully the growth of the InGaAs graded buffers with MBE, based
on the different issues already reported in the literature. We were indeed able to
observe significant difference in the photoluminescence from the structures on these
graded buffers by varying the manner these graded buffers are grown, and our results
conformed, to very large extent, to observations made by others. In particular,
it was observed that high substrate temperature during the graded buffer growth
greatly enhances the luminescence of the quantum well structures grown on top of the
graded buffers. However, due to the high growth temperature, indium incorporation
became a variable of many factors, such as the intended indium fraction, the precise
substrate temperature and the arsenic pressure, and had to be calibrated empirically.
Signifiantly higher arsenic pressure was also necessary. It was observed that very
deep trenches developed on top of the graded buffers as the substrate temperature
increased. We also observed that the quantum well structures on top of the graded
buffers could only be grown properly in a narrow range of substrate temperatures
around 450"C, much lower than what one would use for pseudomorphic InGaAs
growth on InP substrates. The substrate temperature for the InGaAlAs barrier
layers was also limited. Finally, it was necessary for the graded buffer to grade
beyond the intended composition of the uniform layer on top, in order to induce a
certain amount of tensile strain to compensate for the residue compressive strain of
the graded buffer.
Once the growth of the graded buffers was sufficiently optimized, we concentrated
on systematically studying the photoluminescence of simple quantum well structures
grown on top of these graded buffers. We first studied the aluminum-free InGaAs
structures grown on the InGaAs graded buffers with both low and room tempera-
ture photoluminescence. We demonstrated that despite the reasonably good carrier
lifetime of the InGaAs materials grown on the graded buffers, the quantum well struc-
tures generally had very poor room temperature photoluminescence due to the lack
of the electron confinement. The lack of electron confinement was so acute that it
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completely overrode other material quality issues. We also showed the calculated
electron confinement energy as a function of the indium fraction and explained the
reduction of such energy by the bandgap bowing of InGaAs and the reduction of the
electron mass. Our calculation also confirmed the impossibility of obtaining room
temperature photoluminescence from a single quantum well grown on the graded
buffers without adding aluminum.
However, the use of aluminum was incompatible with the reduced temperature
growth of the quantum well / barriers structures, due to the poor carrier lifetime.
In order to overcome this problem, we experimented with the use of ex-situ thermal
annealing to repair the structures. We found that the use of the ex-situ thermal
annealing technique could yield drastic improvement in the photoluminescence of the
aluminum-containing quantum well structures grown on the graded buffers. Unlike
what had been reported in the literature, the annealing of our samples likely involved
two processes operating at two different temperature ranges. At higher tempera-
ture of about 8000C, defects at the quantum well/barrier interfaces are removed by
annealing. This process has been reported in provious work of using annealing to
enhance luminescence [78]. Defects which contribute to mid-gap levels in the In-
AlGaAs barrier materials are also being removed at a lower temperature at around
6000C - 700'C. We demonstrated the existence of such a process, which did not
involve the quantum well, by annealing a diode structure and observing a huge in-
crease in the reverse-biased breakdown voltage. We also demonstrated that further
improvement could be achieved by annealing at lower temperature for an extended
period of time. Finally, we showed with different unstrained quantum well structures
grown on the graded buffers that the use of the graded buffers did not necessarily
compromise the luminescence strength of the quantum wells.
It is crucial to be able to add strain to the quantum wells. In order to extend
the emission wavelength to as long as possible, it is necessary to add extra indium,
which creates compressive strain. More importantly, the presence of the compressive
strain is needed to suppress the propagation of the darkline defects. Unfortunately,
severe degradation of these quantum wells occurred when either tensile or compressive
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strain was introduced. The amount of the degradation was commensurate with the
magnitudes of the strain in the quantum wells, and no threshold was observed for
this degradation process. By employing several known schemes to suppress the
surface roughness, such as slower grading rate and the use of the strain compensated
superlattices, it was possible to restore, to a small degree, the luminescence. A small
amount of improvement was also observed when a thin tensile strain GaAs layer and a
30s growth interruption was inserted immediately before the growth of a compressive
strained quantum well. By using a non-uniform growth temperature during the
growth of the graded buffers, rather than a uniformly high temperature, further, and
significant, enhancement was able to be achieved. Finally, we demonstrated that the
compressively strained InGaAs quantum wells could experience wavelength shift up
to 20nm after being annealed at 7000 C for 15 minutes. However, the tensile strained
GaAs qauntum well, with identical graded buffer and barrier structure, experienced
no wavelength shift at all.
In order to understand the PL enhancement due to the ex-situ annealing, and the
quantum well strain related PL degradation, temperature dependent PL was carried
out on both the pseudomorphically and inetamorphically grown quantum well struc-
tures. It was found that there was a PL decay mechanism between 50K to about
250K for those aluminum containing unannealed quantum well samples. For the un-
strained ones, this mechanism could be removed effectively by annealing. However,
strain in quantum well was observed to retard this removal. The above observa-
tions were found to be relevant for both the pseudomorphically and metamorphically
grown samples, but the metamorphic ones seemed to suffer more from this effect.
As a result of this PL decay mechanism, quantum wells structures with similar PL
intensities at low temperature can develop large variation in the PL intensities at
room temperature.
Finally, we modified the existing theory on the temperature dependent photolumi-
nescence by modeling the carrier collection during such process as a diffusion problem.
The solution of our problem was found to be similar to the existing, commonly used,
expression for describing the temperature dependent PL process. Moreover, temper-
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ature dependence PL could be tied to physical processes or band diagram features in
our formulation. We used the model to explain an interesting observation in the tem-
perature dependent PL measurements of two annealed, unstrained, quantum wells on
graded buffers, which showed nearly identical PL after the PL intensity at the lowest
temperature was divided out from the whole set of data of each sample.
8.2 Suggestions on Future Work
It is clear that a major limitation in the use of the graded buffers for the optoelec-
tronic devices is the roughness induced by the crosshatches. The precise mechanism
responsible for this degradation is not understood. Since, no transmission electron
microscope (TEM) had been carried out in this thesis work, it is not clear if the
degradation was microstructure related. This is certainly the most pressing issue if
reliable devices are to be fabricated on these graded buffers.
Another possible front in this research is to suppress the surface roughness during
or after the growth of the graded buffers. Uchida et al. [32] reported the use of H2 Se
in MOCVD to flatten the growth fronts after the graded buffers were completed.
In MBE, it is known that the use of surfactants can dramatically alter the surface
morphology during deposition. The surfactants known to significantly enhance the
surface flatness are antimonide, as used in the GaInNAs quantum well growths [1],
and bismuth on patterned substrates, [991. The main mechanism of these surfactant
is the promotion of the growth rate along the [1 1 0] direction, which also happens to
be the direction with the most corrugation for crosshatched InGaAs structures [64].
Since we have demonstrated the very high photoluminescence from the quantum
well structures, and further dislocation reduction can be achieved by higher tempera-
ture growth with MOCVD, then it is reasonable to envision the production of InGaAs
ternary substrates with the InGaAs graded buffers grown on GaAs, if the roughness
issue can be contained. InGaAs ternary substrates already exist, and the growth of
high performance laser diodes has been reported, despite the high cost and small sur-
face areas of such substrates, [100][101]. Since epitaxial InGaAs ternary substrates
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already exist, the technique to chemical-mechanically polish such substrates must
also exist. An interesting question is then what the impact of such polishing would
be on the "virtual" InGaAs ternary substrate on InGaAs graded buffers. It would
be most interesting to be able to combine the compositionally graded buffers with
more successful techniques such as GaInNAs quantum wells or InAs quantum dots to
fabricate reliable GaAs based optoelectronic devices operating around the important
1.55pm wavelength range.
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Appendix A
Molecular Beam Epitaxy
All the epitaxial samples studied in this thesis were prepared by the molecular beam
epitaxy (MBE). It is performed by the direct deposition of the constituent elements
onto a substrate in an ultrahigh vacuum chamber. A vast amount of time and
physical labor (probably unjustifiably so) was invested in its maintenance. In this
appendix, the configuration, operation and, most importantly, the calibration of the
MBE will be described. Finally, the growth conditions on the GaAs, InP and InAs
substrates will be documented.
A.1 Configuration and Operation
The Riber 2300 MBE system consists of a load lock, a preparation chamber for sample
out-gassing, and the main chamber where depositon occurs. A schematic diagram of
the growth chamber is shown in Figure A-1. The rear flange of the main chamber
ausually ccommodates the following eight cells: Knudsen effusion cells for aluminum,
indium and two gallium sources, dopant cells for beryllium (p) and silicon (n), a high
temperature needle-valved arsenic cracker and a gallium phosphide cracker source
for phosphorus. The main chamber is pumped by a Riber ion pump and a CTI
Cryogenics CT8 cryopump. The chamber pressure is monitored by the Granville-
Phillips nude ion gauges, and the background is monitored regularly by an UTI mass
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spectrometer, which also serves as an argon detector during leak checking.
Liquid nitrogen RHEED Quadrupole mass
cooled shrouds gun spectrometer
ce ports(ionization)
Load-lock
Chamber
Preparation
Chamber
[3 C3Isolation
r_1 CGete Volvo
To variable speed VlewportRHEED (phosphOr) motor and substrate
target screen heater power supply
Figure A-1: Schematic of the MBE growth chamber. Source: Ph.D. thesis of James
Vlcek.
At the stand-by state, the base pressure is typically mid 108 Torr or high 10-11
Torr, depending on whether the cells are, or are not, hot, respectively. The chamber is
shrouded with liquid nitrogen-cooled panels. During growths, the chamber is cooled
by liquid nitrogen, and the base pressure is at low 1010 Torr when all the cells are
at the temperatures ready for growth. When there is enough arsenic flux for gowth,
the chamber pressure rises to low 108 Torr. A hydrogen cracker is also mounted on
a non-standard flange at the back of the growth chamber, providing atomic hydrogen
for the low temperature oxide removal from the substrates. During its operation,
the ion pump is always turned off to preserve the lifetimes of its absorption elements.
During the use of the atomic hydrogen source, the chamber pressure is maintained at
low 10- Torr, an extremely high pressure for MBE.
The temperatures of all the elemental cells and the substrate are monitored and
controlled by the Eurothern 818 temperature controllers. The temperatures were kept
constant to within 0.10C, and are within ±0.5'C of the momentary designated values
during the ramping of the cells, crucial for the growth of the graded buffers. The PID
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parameters of the controllers for the group III elements have to be tuned periodically
by the Ziegler-Nichols technique [92] at around their operating temperatures in order
to maintain an acceptable level of stability and controllability.
In addition to the thermocouple, the substrate temperature is also monitor by an
IRCON pyrometer. The use of the pyrometer is necessary because it can shows the
AT more accurately. So the true temperature within a certain range can be known
if one point in this range is known accurately. Then the quest of calibrating the
substrate temperature is reduced to the calibration of several specific temperatures.
The most convenient temperature point is perhaps the oxide-off temperature of the
GaAs substrates, at around 580'C. A more accurate way is to search for the abrupt
2 x 4 -- 4 x 2 transition of the static GaAs surface at 640'C, by monitoring the
reflection high-energy electron diffraction (RHEED) pattern along the [1 1 0] crystal-
lographic direction under moderate arsenic flux. For the temperature range around
500C, the oxide-off temperatures of InAs at 4800C or InP at 5000C could be used.
However, the actual oxide-off temperatures of these substrates are very dependent
on the group V over-pressure. A far better way is to search for the 2 x 4 --+ 4 x 2
transition of InAs, which occurs at around 450'C. In practice, when the pyrometer is
calibrated at around 6000C, the displaced temperature is only about 200C above the
true temperature at around 4500C, a predictable, and often acceptable, error, and a
second calibration at the lower temperature range is not done.
A.2 Flux Calibration
The singularly most important task in the operation of the MBE is to accurately
calibrate the fluxes of the group III elements. This is done in three steps. After
a vent of the machine and the subsequent outgassing, the beam equivalent pressure
(BEP) of the group III sources are measured with a flux gauge which can be rotated
into the approximate position of the substrate holder. The flux, F, of a source can
be described by the direct line-of-sight evaporation into a perfect vacuum [93]:
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P oeEA/kTF =
V2 rMkT
where P, is a constant, M is the mass of the element and T is the absolute tem-
perature. The fluxes follow an Arrhenius dependence with an activation energy of
EA. In practice, the exponetial part dominates and the temperature only need to
be varied by a small amount to yield a large change in the flux, and the flux can be
approximated very accurately by just:
F = constant x e--EA/kT
By comparing with the measures in the past, the flux of each cell can be estimated.
The fluxes are then further calibrated by measuring the oscillation frequencies of the
specular spot of the RHEED patterns. The oscillation frequencies correspond to
the monolayer growth rates. RHEED oscillation measurements for the gallium and
aluminum fluxes are performed on the GaAs substrates, and those for the indium
flux are performed on the InAs substrates. The growth rates are substrate specific.
The ratio of lattice matched growth rate, in Mm/hr, on, say, InP to that of GaAs
is (alnp/aGaAs), where the a's are the lattice constants of the substrates. Typical
RHEED oscillations for the growth of InAs, GaAs and AlAs are shown in Figure A-2.
The values obtained from the RHEED oscillation measurements are accurate to
within 2 - 5%, and the higher the growth rate, the more periods can be packed in
each run, and the more accurate is the measurement. However, this thesis project
required the fluxes for the 4 group III cells to be accurate over a very wide ranges
of growth rates, and the RHEED oscillation measurements were not sufficient. The
high resolution x-ray diffraction (HRXRD) of thin layers (~ 200nm) of InGaAs and
InAlAs grown on InP had to be used to increase the accuracy to an acceptable level of
about 0.5%. The procedures will be documented in Appeddix B. The whole process
is very tedious and time consuming, but the values obtained change only very slightly
until the cells are due to run out of materials. For a typical 4 month growth period,
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(a)
Li (b)
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Figure A-2: Typical
AlAs (c).
RHEED oscillations for the growth of InAs (a), GaAs (b) and
about two full calibrations are sufficient in general. Typical curves of gowth rates
vs. cell temepratures for the indium, gallium and aluminum sources, calibrated by
the HRXRD, are shown in Figure A-3.
A.3 Growth Conditions
The GaAs substrates are epi-ready, but the InP and InAs ones need to be etched
before use. The InP and InAs substrates are etched in sulfuric acid for 10s, and
then in chilled H 20: H 2 0 2 : H 3 S0 4 mixture, at the ratio 1:1:25, for 25 seconds.
The substrates are then soaked in running DI water for 5 minutes to build up a new
143
1-
Flux Calibration March 2004
- - --
Indium Flu,4n/hr] = 8.74 - 9.43 * 1000/T
0.94 0.96 0.98 1.00 1.02
1000/T (1/K)
(a)
K
0.11-
1.04
0.
Flux Calibration March 2004
3allium Flu*I4n/hr] = 9.44 -11.12 * 1000%r
1-
94
Aluumnum riupinrj = 9.9 - 13.410
0.77 0.78 0.79 0.80 0.81 0.82
1OOO/T (1/K)
(c)
Figure A-3: Typical Arrhenius plots of the gowth rates vs. cell temperatures for the
indium (a), gallium (b) and aluminum (c) sources.
surface oxide. The procedure is repeated once more. Etched but unused substrates
must be kept under vacuum.
In a typical growth, a GaAs substrate is heated to 580'C in the MBE chamber,
under the presence of the arsenic flux at the BEP of 1 x 10- Torr, in order to remove
the oxide. It is then raised to 600'C to complete the oxide desorption, and the
growth can commence at this temperature. The growth rate is about 0.2pm/hr at
the beginning, and at about 1pm/hr during the growth of the epitaxial structures.
The arsenic flux during growth is picked such that it is twice as much as necessary
to keep the surface under the arsenic-stabilized condition, with the 2x4 RHEED
pattern.
The surfaces of the InP and InAs substrates can be severely demaged at the
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oxide-off temperature of 500'C and 4800C, respectively. For InP, the substarte
temperature is ramped up at 30'C/rnin to 550'C, and then ramped down immediately
to 480"C to start the growth. For InAs, the substrate temperature has to be ramped
down immediately but slowly, after the oxide-off is reached (but certainly not before).
Unlike InP, the growth must be started immediately at this high temperature, at a
very low growth rate, to smoothen the surface. The surface does not smoothen if
the growth is started below 480'C, but the indium can segregate and form droplets
if the temperature remains that high for a long duration. Within 15 minutes, the
substrate temperature is ramped down to about 430'C, and faster growth can be
initiated. The oxide-off arsenic over-pressure is about 3 x 10-5 for both InP and
InAs.
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Appendix B
High Resolution X-ray Diffraction
The high resolution x-ray diffraction method allows one to empirically characterize
the compositions, the layer widths and the amounts of relaxation and tilting in an
epitaxial structure [94]. In this thesis, it was used to perform calibration on the group
III sources of indium, gallium and aluminum (Appendix A), as well as to ascertain the
compositions and degrees of relaxation of the structures grown on top of the graded
buffers (Section 2.4). In this Appendix, the precise procedures to perform the two
tasks will be described.
B.1 Flux Calibration for the Group III Sources
A Bede Triple-Axis Diffractometer was used in this project. It was, however, usually
operated in the double-axis configuration. In a double crystal diffractometer, x-rays
from the source are first bragg-reflected from a high quality reference crystal such
as silicon, then collimated with a narrow slit, then diffracted off the test sample,
and finally passed through another set of slit, before impinging on a detector. A
schematic diagram is shown in Figure B-1. A large response should occur whenever
the Bragg's condition is satisfied:
nA = 2d sin 0
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where OB is the Bragg diffraction angle, A is the wavelength (1.54A from a CuK 1
source), n is the order of the diffraction, and d is the spacing between the atomic planes
responsible for the diffraction. At the Bragg angle, these planes are perpendicular
to the line bisecting the in-coming and out-going beams. For a lattice spacing a and
the diffraction plane (hkl)
nmA h2 + k 2 + 1 2
a = d h 2 + k2 + 12
er 20
Source Detector
Sample
0
Figure B-1: Schematic of the double axis x-ray diffractometer.
In a typical operation, the detector scans in unison with the sample, with the scan
rate of the former being twice of that of the latter. This configuration is termed the
0 - 20 scan. If the setup is arranged such that the incident and exit angle are the
same, the symmetric configuration, than we are studying exclusively the diffracting
planes parallel to the surface. Most commonly, the primary diffraction (n = 1) from
the (400) planes is studied.
For the calibration of the group III source, a layer of InGaAs or InAlAs with lattice
constant a is deposited onto the substrate with lattice constant a,"b. Because there
is a difference in the out-off-plane lattice constant, LaI, the 0 - 20 scan gives two
peaks in the 0 -20 scan, at A0B = (OB,pi - OB,sub) apart: a very strong one due to the
substrate and another one due to the epi-layer. If the epi-layer is so thin that there
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is no relaxation at all, then the in-plane lattice constants are identical, Lal = 0, and
the difference in their fully relaxed lattice constants, Lar, can be extracted because:
aa)
La
a r
a1 - asub
asub
sin 0 B,sub - sin(OB,sub + LOB)
sin OB,sub
LOB
tan OB,sub
1-v
1+v
1-v
1+v
La
(a)
a )
(B.1)
(B.2)2v Aa+ (
.. Lall
where v is the Poisson ratio. With the lattice constant of the epitaxial material
know, one can deduce the composition of the layer by using Vegard's Law:
ar, InzGaix As x ar, InAs + (1 - x) ar, GaAs
ar, InxAI1x As = x ar, InAs + (1 - x) ar, AIAs
Lattice Poisson OB OB
Constant [A] Ratio (v) (400) (422)
InAs 6.0584 0.352 30.5560 38.5260
AlAs 5.6622 0.274 32.9530 41.7930
GaAs 5.6532 0.311 33.0130 41.8750
InP 5.8688 0.36 31.6550 40.0150
Table B.1: The lattice constants, Poisson ratios and the Bragg's angles for the (400)
and (422) planes for various 111-V semiconductors [88].
Finally, one can summarize the above results for InGaAs and InAlAs epi-layers
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on InP substrates as
For Ino.5319+zGao.46sizAs z = -5.9400 x 10-5 x AOB
For Ino. 232 +zAlo.47 68 -_As z = -6.0474 x 10-5 x LOB
where LO is in arc second. Figure B-2a shows the rocking curve of an 200nm InAlAs
layer on InP.
0276h InAIAs/InP
T,= 731.9"C Tm= 989.19C
A)B AOB= -79.10 arcsec
Af = 87.55 arcsec
thickness = 213.22nm
In flux = 0.2631 um/hr
Af Al flux = 0.2353 um/hr
1 04.
101
104-
S103-
102.
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0 327y InAIAs/InP
T = 735.1 C T,=716.8C
AO = 152.45 arcsec
Af = 96.29 arcsec
thickness = 193.87 nmn
In flux = 0.2491 um/hr
Al flux= 0.2356 umlthr
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Figure B-2: X-ray rocking curves of ~ 200nm InAlAs layers on InP substrates, with
(a) satisfactory and (b) unsatisfactory material quality. The poor material quality
of the source was later confirmed by photoluminescence.
The above procedure can yield the relative size of the two group III fluxes. To find
their absolute values, one needs to record the growth duration of the layer, and then
measure its thickness. Due to the presence of the thin layer, there exists interference
effect between the top surface of the substrate and the top surface of the epi-layer.
This effect manifests itself as two trains of small oscillations lying symmetrically
on the two sides of the epi-layer diffraction peak, termed Pendellosung fringes [95].
The angular spacing between the fringes, Lf in [are second], can be related to the
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thickness of the epi-layer, t in [nm], by:
A f = 2tcosOB
18667 on InP substrates
t
With the thickness and growth duration known, the total amount of deposited mate-
rial can be deduced. Combined with the measured composition, the fluxes of the two
group III elements are known independently for a particular epilayer. After many of
these layers are grown and measured, calibration curves such as those in Figure A-3
in Appendix A can be obtained.
One must be cautioned that the above procedure is only correct if there is no
relaxation. If relaxation occurs, Aall / 0 and the above procedure yields insufficient
data to extract the individual flux of the two group III elements. In order to minimize
the possibility of relaxation, RHEED oscillation measurement must be performed
first, and the layer thickness is limited to about 200nm. With this thickness, it has
been observed that relaxation starts to occur when LOB 2; 400 arcsec. When this
happens, this "calibrated flux" data point will significantly deviate from the fitted
line obtained from the other data points.
An addition benefit of this procedure is that the magnitude and the sharpness
of the Pendellosung fringes depend sensitively on the cleanliness of the sources, as
extra faceting seems to occur with impure sources. This is particularly true for the
aluminum source. As shown in Figure B-2b, despite the nearly perfect match in the
lattice constants between the substrate and the epi-layer, the Pendellosung fringes
were significantly washed out.
B.2 Asymmetric Bragg Reflection
For the epi-layers on the graded buffers, the degree of relaxation is always unknown a
priori, and is one of the important parameters that needs to be extracted, see Section
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2.4. Moreover, there generally exists inhomogeneous tilt over the wafer surface, and
no Pendellosung fringe can be observed. In order to extract the composition and the
degree of relaxation, one must measure the in-plane and out-of-plane lattice constants
separately. This is done by measuring the diffraction from a set of planes oblique to
the surface. The most common set is (422). Since the symmetry is lost, there are
two possible incident angles of the x-ray beam, as shown in Figure B-3. The glancing
exit configuration was found to be easier to work with.
OB-0b \ OB+ 4b OB±+b OB-(k
Glancing Glancing
Incident Exit
Figure B-3: The glancing incident and glancing exit configurations of the asymmetric
Bragg reflection.
To carry out the asymmetric Bragg reflection on a structure grown on GaAs
substrate, the procedure is as following:
1. The symmetric 0 - 20 scan is first carried out at around the Bragg angle of
GaAs, at 33.0130, in order to relate the difference between the epi-layer peaks
and the substrate peaks, AO ', with the fractional change in the out-of-plane
lattice constant between the epi-layer and the substrate, (-)I 0 . This follow
the same procedures in Section B.1 and from Equation B.1 we can obtain:
04 ~ -tan 0b (. (B.3)
2. In order to perform the 0 - 20 scan around the Bragg angle of the GaAs (422)
planes, one needs to first set the sample and the detector for the new Bragg
angle of 0 = 41.8750. Then the sample itself needs to be rotated such
that the (422) planes are perpendicular to the bisector of the in-coming and the
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out-going beams. The angle of rotation is ,bub = +35.264'.
shown in Figure B-4.
The situation is
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Figure B-4: The rotation of the (422) planes from the normal, and the relative rotation
between the (422) planes of the substrate and those of the epi layer.
3. Obviously, the Bragg angle, 0 , and the rotation angle #epi, of the epi-layer
are different form those of the substrate. So, the difference in the Bragg angles
between the substrate and the epi-layer, Lo 422 , actually composes of two terms:
AB 2 2 2,-) + (#eP - rsub). (B.4)
4. The first bracket of Equation B.4 is essentially Equation B.3 for the (422) planes:
(0 422- 22) -tan O 422 Aa 42 .B~ep 'BsubB (a ),
(B.5)
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5. (a)4 can be related to the fractional changes in the in-plane and the out-of-
plane lattice constants, ( a )11 and (a)400 by
(Aaj 22 = cos 2 , (Aaj - 00 + sin 2 , (Aa )40
a ).(a ).a
6. By simply geometry, the second bracket of Equation B.4 is:
fl400 1 a 400\
(#epi - #sub) (-- )4 (\a 4 ) cos 0 sin#.
a I a 1
(B.6)
(B.7)
7. In summary,
F 0 4 0 - tan 00
2- sin2 0 tan 04 2 - sin # cos # -cos 2 0 tan 04 2 + sin 0 cos 400
(B.8)
With AB 00 and AB 2  measured, (a)1 0 and (a)40 can be solved by in-
verting Equation B.8.
8. With ( ) 400and (L)400 known, the difference in the relaxed lattice constants
between the epi-layer and the substrate, can be found by Equation B.2. The
degree of relaxation is then
(La 400 40a 
a a r
(B.9)
For the (422) planes of GaAs with the glancing exit configuration, Equation B.8
is:
B 0 -0.64973 [()
SAo 422  -0.77013 -0.12624 (La )
A typical 400 and 422 rocking curve of an uniform layer on a graded buffer is
shown in Figure 2-8b in Section 2.4. The rounded peaks at the far left correspond
to the epilayer and the sharp peaks at the far left correspond to the substrate. The
plateaux in the middle are caused by diffraction from the graded buffer.
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Appendix C
Emission Energy Calculations of
the Quantum Well Structures
The quantum well emission energies were calculated with the method of the transfer
matrices [96], with the strain and mass related data provided by [97]. The valence
band offsets were obtained by interpolating the valance band offset value between InAs
and GaAs reported in [98] using the model solid theory . The bandgap parameters
for T ~ OK were obtained by fitting the 6 coefficients of a second order polynomial
with two unknowns to the measured bandgaps of GaAs, A10.3Ga 0.7As, InAs, and the
bandgap energies of the InGaAlAs materials lattice matched to InP from [97]. The
bandgap parameters for T ~ 300K were obtained directly from [97].
The method of the transfer matrices is particularly suitable for structures with
piecewise constant potentials, such as those in this thesis. The calculations were
only carried out at the Brillouin zone center in order to compare with the measured
values from the photoluminescence experiments. At the Brillouin zone center, the
perturbative k -p theory is not needed, and the Schr6dinger equations for the electron,
heavy hole and light hole are decoupled. In this Appendix, the transfer matrix
method at the zone center will be described, and the parameters used will be listed.
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C.1 Method of the Transfer Matrices
In a structure with one dimensional variation in the potential energy, the wavefunc-
tion, V), of an electron located at x with mass m and energy E, inside a material with
potential V, is spanned by two eigenfunctions:
7P = Ae'k + Beikx, (C.1)
the wavevector is expressed as:
{ 2m|E-VI
k i2mIE-V|
for E > V
for E < V
Suppose the leftmost layer is not strained and its potential energy is set as zero,
V0 = 0, then the potential of the jth layer can be represented as:
V' (E, - Ec) - 2a, I - C1 [
Vi =(Ehh - Eh0) - 2a' 1 -b' 1+
V' (El'h- Ej0h) - 2a" I1'2( + b' I+
for the conduction band
for the heavy hole band
for the light hole band
where E, EiA and E h are the band edge energies of the conduction, heavy hole
and light hole band of the 1th layer, respectively. The terms outside the brackets of
Equation C.1 are the corrections due to strain in the 1'h layer, , which is defined as:
at, - a"
a0
where a' is the relaxed lattice constant of the ith layer. a' and a' of Equation C.1
are the hydrostatic deformation potentials of the conduction and the valence bands,
respectively, b' is the shear deformation potential of the valence bands, and the C's
are the usual elastic constants.
After the electron has traversed a distant I inside the same layer i, the A4 and B'
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of the wavefunction in the layer (Equation C.1) pick up an extra phase factor:
A/i -ikl A' A'
= T'(1).
Bli e+iki A' B7
When the electron traverses across a boundary between two layers, the new coeffi-
cients, Ai+' and Bi'+ are determined by the boundary conditions that the wavefunc-
tion, /, and its current, -iA , are continuous across the junctions:
A+' I+ M k 1 - A AIi 11  mi k' 1 ][P pi-*+i~l[A
B'+1 I - 1+ 1 cB B
L L mi k1+1 i k7TT
To relate the wavefunction V)' Ale+ikx + Bnenikx of the final layer n, to the first
one, -0 = AOe+ikx + BOe-ikx, one simply multiples, in the correct order, the 2 x 2
matrices representing the transfer of the electron from the rightmost point of layer
0 to the leftmost point of layer 1, across layer 1, then across the boundary between
layer 1 and layer 2, and so on until the electron reaches the left most point of the
final layer n:
=n Pn*nT -(-)Pn-2 -.-*n-1 . T 2 (l 2 )p 1 - 2 T 1 (l1 )P0 1 [ = A-
Bn BO BO
with 1' being the thickness of layer i. The wavefunctions correspond to the energy
levels are confined, so A 0 = Bn = 0, i.e. the wavefunctions decay to zero at x = too.
The final task is to search for all the energies E's such that
B B . P2"*"(E) = 0.
This can be done by plotting POyn(E) vs. E and search for the zeros. A simple
structure with two sandwiched layers are shown in Figure C-la with the calculated
ground state energies, wavefunctions and the band edges of the conduction, heavy
hole and light hole band. The Pl7"(E) of the heavy hole band is shown in Figure
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C-1b. There are five bounded states.
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Figure C-1: (a) Band edge diagrams, calculated ground state energy levels and wave-
functions of a structure with a 5nm GaAs (Layer 1) and a 7nm InO 35 Gao 65As (Layer
2) sandwiched between two InO. 2 A1. 4 GaO4 As layers. For the hole bands in the lower
half of the diagram, the solid lines are for the heavy hole band, and the dashed lines
are for the light hole band. (b) The (2,2) element of the transfer matrix Po-0 of the
heavy hole band as a function of E. The curve crosses the x-axis 5 times. So, there
are 5 energy levels.
C.2 Parameters
The strain and mass related parameters in the Appendix K of [97] were used for the
simulations for this thesis. The valence band offsets were obtained by interpolating
the valance band offset value between InAs and GaAs reported in [98] using the
model solid theory . This remained a controversial subject for a long time, with
large discrepancies between the different suggested valence band offset values. We
find that the value from [98] yielded the most satisfying agreements between the
calculations and the measurements. The bandgap parameters for T ~ OK were
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Wavefunction
Band edge
Ground state energy
obtained by fitting the 6 coefficients of a second order polynomial with two unknowns
to the measured bandgaps of GaAs, AlO. 3 GaO.7 As, InAs, and the bandgap energies of
InGaAlAs materials lattice matched to InP from [97]. The bandgap parameters for
T ~ 300K were obtained directly from [97].
Bandgap energies of the unstrained InAlyGai-,_yAs materials:
Eg = 1.515 - 1.584x +
Eg = 1.425 - 1.501x +
1.447y + 0.098xy + 0.489x2 - 0.15y 2
1.605y + (2x + 2y - 2.141)xy + 0.436X2
for T = OK,
f or T 300K.
Valence band difference bewteen the unstrained InxAlYGaix_,As materials:
AEv = 0.515x - 0.4115y - 0.07 2
Deformation potentials:
ac = -7.17 + 2.09x + 1.53y
av
b
= 1.16 - 0.16x + 1. 3 1y
= -1.7 - 0.1w + 0.2y.
Lattices constants:
a = 5.6533 + 0.4051x.
Elastic constants:
C
C12
C44
= 11.879 - 3.55w + 0.621y
= 5.376 - 0.85x - 0.036y
= 5.94 - 1.98x - 0.52y
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Electron, heavy and light hole masses, as a ratios to the free electron mass:
= 0.067 - 0.0603x + 0.083y - 0.0196xy + 0.0163x2
= 0.333 - 0.07x + 0.145y
= 0.094 - 0.067x + 0.114y
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